UNCLASSIFIED 


AD  NUMBER 

AD075870 

NEW  LIMITATION  CHANGE 
TO 

Approved  for  public  release,  distribution 
unlimited 


FROM 

Distribution  authorized  to  U.S.  Gov't, 
agencies  and  their  contractors; 
Administrative/Operational  Use;  MAR  1955. 
Other  requests  shall  be  referred  to  Wright 
Air  Developmental  Center,  Wright -Patter son 
AFB,  OH  45433. 

AUTHORITY 

AFWAL  ltr,  17  Apr  1980 


THIS  PAGE  IS  UNCLASSIFIED 


THIS  REPORT  HAS  BEEN  DELIMITED 
AND  CLEARED  FOR  PUBLIC  RELKASE 
UNDER  DOD  DIRECTIVE  5200,20  AND 
NO  RESTRICTIONS  ARE  IMPOSED  UPON 
148  USE  AND  DISCLOSURE, 

DISTRIBUTION  STATEMENT  A 

APPROVED  FOR  PUBLIC  RELEASE; 
DISTRIBUTION  UNLIMITED, 


Reproduced  by 

DOCUMENT  SERVICE  CENTER 

KNOTT  BUILDING,  DAYTON,  2,  OHIO 


This  document  is  the  property  of  the  United  States 
Government.  It  is  furnished  for  the  duration  of  the  contract  and 
shall  be  returned  when  no, longer  required,  or  upon 
recall  by  ASTIA  to  the'following  address: 

Armed  Services  Technical  Information  Agency,  Document  Service  Center, 

Knott  Building,  Dayton  2,  Ohio. 

NOTICE;  WtfEN  GOVERNMENT  OR  OTHER  DRAWINGS,  SPECIFICATIONS  OR  OTHER  DATA 
AkE  USED  FOR  ANY  PURPOSE  OTHER  THAN  IN  CONNECTION  WITH  A  DEFINITELY  RELATED 
GOVERNMENT  PROCUREMENT  OPERATION,  THE  U.  S.  GOVERNMENT  THEREBY  INCURS 
NO  RESPONSIBILITY,  NOR  ANY  OBLIGATION  WHATSOEVER;  AND  THE  FACT  THAT  THE 
GOVERNMENT  MAY  HAVE  FORMULATED,  FURNISHED,  OR  IN  ANY  WAY  SUPPLIED  THE 
SAID  DRAWINGS,  SPECIFICATIONS,  OR  OTHER  DATA  IS  NOT  TO  BE  REGARDED  BY 
IMPLICATION  OR  OTHERWISE  AS  IN  ANY  MANNER  LICENSING  THE  HOLDER  OR  ANY  OTHER 
PERSON  OR  CORPORATION,  OR  CONVEYING  ANY  RIGHTS  OR  PERMISSION  TO  MANUFACTURE, 
USE  OR  SELL  ANY  PATENTED  INVENTION  THAT  MAY  IN  ANY  WAY  BE  RELATED  THERETO. 


/.  L.  AMICK 
H.  P.  LIEPMAN 
T.  H.  REYNOLDS 

UNIVERSITY  OF  MICHIGAN 


MARCH  1955 

/ 


WRIGHT  AIR  DEVELOPMENT  CENTER 


WADC  TECHNICAL  REPORT  55-88 

/ 


DEVELOPMENT  OF  A  VARIABLE  MACH  NUMBER 
SLIDING  BLOCK  NOZZLE 
AND  EVALUATION  IN  THE 
MACH  1.3  TO  4.0  RANGE 


/.  L.  AMICK 


H.  P.  LIEPMAN 


T.  H.  REYNOLD* 


UNIVERSITY  OF  MICHIGAN 


MARCH  19SS 


AERONAUTICAL  RESEARCH  LABORATORY 
CONTRACT  No.  AF  33  (038) -23070 
PROJECT  No.  1363 

✓ 


WRIGHT  AIR  DEVELOPMENT  CENTER 
AIR  RESEARCH  AND  DEVELOPMENT  COMMAND 
UNITED  STATES  AIR  FORCE 
WRIGHT-PATTERSON  AIR  FORCE  BASE,  OHIO 

Carpenter  Litho  4  Prtg,  Co.,  Springfield,  0. 

200  -  10  November  1955 


FOREWORD 


This  report  was  prepared  by  J.  l.  Arnick,  H.P.  Liepman,  and 
T.H.  Reynolds  of  the  Supersonic  Wind  Tunnel,  Department  of  Aeronautical 
Engineering,  University  of  Michigan,  Ann  Arbor,  Michigan  on  Air  Force 
Contract  AF33(038)-23070,  Task  No.  70122,  Project  No. 1363, "Adjustable 
Supersonic  Nozzles".  The  work  was  administered  under  the  direction 
of  the  Aeronautical  Research  Laboratory ,Wright  Air  Development  Center, 
with  Mr. Emil  J.Walk  as  project  engineer. 

The  contributions  and  assistance  to  this  work  of  Professor 
A.M.  Kuethe,  Dr.  J.S.  Murphy,  Dr.  H.E.  Bailey,  Mr.  R.  P.  Schulze, 

Mr.  H.  M.  Emich,  and  the  entire  staff  of  the  Supersonic  Wind  Tunnel 

of  the  University  of  Michigan  are  gratefully  acknowledged.  .  j 

f 
.< 
i i 
% 

i 

l 


/ 

WADC  TR  55-88 


8 


•-& 


ABSTRACT 


A  sliding -block  wind  tunnel  nozzle  was  developed  and  tested  in 
the  Super  sonic  Wind  Tunnel  Facility  of  the  University  of  Michigan  at  ... 
Mach  numbers  from  1.3  to  h.O.  In  this  range  the  Mach  number  deviation 
from  the  average  within  a  test  rhombus  is  less  than  e  and  the  flow 
angle  deviation,  less  than  +  0.5°.  The  throat-to-test  rhombus  distance 
at  the  highest  Maoh  number  is  8.8  tines  the  test-rhombus  height.  Over¬ 
all  pressure  ratios  required  are  about  the  sane  as  those  of  conventional 
wind  tunnels..  The  use  of . a  curvatuse  gage  to  control  contour  tolerances 
is  discussed. 
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SECTION  1 


INTRODUCTION 


Variable  Mach  number  nozzles  have  many  potential  advantages  over 
the  fixed-block  type  of  ;aozzle  for  producing  supersonic  flow  in  wind  tunnels. 
One  promising  type  of  variable  nozzle,  the  asymmetric  sliding-block  type,  has 
been  shown  to  give  good  performance  at  Mach  numbers  below  3*0  (References 
1-3).  In  order  to  extend  the  Mach  number  range  of  such  a  nozzle,  the  present 
investigation  was  begun  early  in  1951  under  Air  Force  sponsorship.  The  objec¬ 
tive  was  to  determine  contours  of  a  sliding-block  nozzle  for  the  range  M  = 
1.4  to  4.0,  with  experimental  verification  of  satisfactory  flow  uniformity 
throughout  the  range.  This  final  report  presents  the  major  results  of  the 
investigation,  certain  phases  of  which  have  already  been  covered  in  Refer¬ 
ences  4-7. 


SECTION  2 

DEVELOPMENT  OF  NOZZLE  CONTOURS 


2 . 1  THEORETICAL  CONTOURS 

The  nozzle  contour  design,  given  in  detail  in  Reference  4,  followed 
the  iterative  characteristic  method  outlined  by  Burbank  and  Byrne  in  Reference 
3,  with  helpful  suggestions  by  Dr.  A.  Ferri.  Design  Mach  numbers  of  1.64  and 
3.87  were  employed,  and  a  throat  test-section  axis -inclination  angle  of  l6° 
was  used.  Characteristic  nets  for  intermediate  Mach  numbers  of  2.37,  3»23, 
and  4.01  were  also  constructed.  The  following  criteria  were  established  to 
guide  the  construction  of  the  characteristic  nets: 

1)  The  sonic  line  was  to  be  straight  and  perpendicular  to  the 
nozzle  contour . 

2)  No  inflection  points  were  to  be  used  in  the  supersonic  contours. 

3)  The  first  derivative  of  the  contours  was  to  be  smooth  and  con¬ 
tinuous. 
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4)  No  compression  wavelets  were  to  be  employed. 

Values  of  the  second  derivative  along  the  contours  were  obtained  by  fairing 
and  differentiating  the  slopes  given  by  the  characteristic  nets.  The  second 
derivatives  were  then  faired  and  integrated  twice  to  obtain  the  contour  coor¬ 
dinates.  The  subsonic  portions  were  designed  by  one-dimensional  theory, 
observing  the  requirement  that  the  throat  curvature  should  be  essentially  zero 
for  1  to  1-1/2  throat -heights  upstream  of  the  sonic  line,  in  order  to  insure 
a  straight,  perpendicular  sonic  line. 

An  analytic  method  of  design  was  subsequently  developed  and  is 
given  in  Reference  5. 


2.2  EXPERIMENTAL  APPARATUS 

2.2.1  Description  -of  Nozzle. —A  4-  by  4-inch  model  of  the  nozzle 
(Reference  6)  was  built  in  order  to  evaluate  the  theoretical  contours  and  to 
make  experimental  corrections,  if  necessary.  The  nozzle  was  connected  to  the 
existing  dry-air  storage  tank  by  entrance  ducting  and  screens ,  and  to  the 
existing  vacuum  tank  by  an  adjustable  supersonic  diffuser,  fixed  subsonic 
diffuser,  and  valves.  The  nozzle  blocks  consisted  of  flexible  plates  supported 
by  jacks,  with  inflexible  portions  in  the  test  section  and  subsonic  region 
(Appendix  A).  In  addition  to  the  jack  motion,  each  nozzle  block  could  be 
rotated  as  a  whole  about  a  point  near  the  throat.  The  sliding  of  the  lower 
block  to  control  Mach  number  was  always  in  a  direction  parallel  to  the  theor¬ 
etical  test-section  axis,  even  with  the  block  rotated.  Plate  glass  windows 
measuring  8  by  4l  inches  extended  from  near  the  throat  to  about  4  inches 
downstream  of  the  nozzle  exit.  Inflatable  seals  In  grooves  along  the  nozzle- 
block  edges  sealed  the  joints  between  the  blocks  and  the  windows  or  sideplates 
(Appendix  B).  An  overall  view  of  the  tunnel  with  one  side  removed  is  shown 

in  Fig.  2.1. 

2.2.2  Pitot  Rake.— -Pitot  pressures  were  measured  with  a  five -prong, 
open-end  rake.  The  prongs  on  the  rake  are  1-1/4  inches  long  and  are  spaced 
l/2  inch  apart.  They  are  constructed  of  17-gage  (CO58  CD,  .042  ID)  type -304 
stainless  steel  hypodermic  tubing,  with  the  open  end  beveled  10°  to  a  sharp 
inside  edge.  The  body  of  the  rake  has  a  2-l/4-inch  span,  l/4-inch  thickness, 
and  1-1/4  inch  chord,  with  a  sharp  45°  edge  at  both  leading  and  trailing  edges, 
and  it  attaches  to  a  10-inch  sting.  A  rack  gear  on  this  sting  engages  a 
pinion  in  the  probe  support  (Reference  6),  allowing  the  rake  to  be  moved  soc¬ 
ially  from  outside  the  tunnel.  Vertical  position  and  angle  of  attack  can  also 
be  changed  during  a  run.  Two  set-screws  in  the  body  of  the  rake  hold  it  to 
the  sting  at  any  angle  of  roll  desired.  Mercury  manometers  were  used  in  con¬ 
junction  with  the  pitot  rake  during  both  atmospheric  and  higher  stagnation 
pressure  runs. 
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A  similar  three-prong  pitot  rake  was  ^sed  for  some  of  tbs  low  Mach 
number  work  where  the  five -prong  rake  caused  local  blocking.  A  single  pitot 
probe  yas  also  available. 

2.2.3.  Tiers  Inclinometer  .—Flow  inclination  was  measured  with  a 
wedge-type  flow  inclinometer.  The  flow  inclinometer  has  five  pairB  of 
0.042-inch  diameter  orifices  spaced  at  0.380-inch  intervals  spanwiso,  0,350 
Inches  fro™  the  leading  edge.  The  plan  form  is  rectangular ,  with  a  £-ia«h 
span,  l/2-inch  thickness,  and  l-l/2-inch  chord,  and  the  wedge  angle  is  45®  at 
both  the  leading  and  trailing  edges.  The  flow  inclinometer  attaches  to  the 
probe  support,  thus  enabling  it  to  be  moved  axially,  vertically,  and  to  an 
angle  of  attack.  The  pressure  differences^ between _the  orifices  o£=each  pair 
were  measured  by  manometers  using  Meriam  red  oil  of  specific  gravity  0,827. 
The  sensitivity  of  these  pressure  differences  to  flow  inclination  was  cali¬ 
brated  for  each  Mach  number. 

A  second  flow  inclinometer,  having  a  wedge" angle  of  12®,  was  avail¬ 
able  for  use  at  low  Mach  numbers 

2.2.4  Static  Orifices  .—There  are  24  l/32-inch-diameter  static 
orifices  along  the  lower  nozzle  contour,  and  12  along  the  upper.  Twenty  of 
the  lower-contour  orifices  lie  along  the  straight  portion  of  the  block  at 
1-inch  intervals.  These  static  orifices  were  connected  to  manometer  tubes 
filled  with  Meriam  red  oil.  Only  relative  pressures  were  measured,  because 
of  the  inconvenience  of  measuring  absolute  pressures  with  such  a  light  fluid. 

Static  needle  rakes  were  available  but  were  not  used  because  of 
the  shock-free  nature  of  the  flow.  It  was  reasoned  that,  in  the  absence  of 
shocks,  the  flow  through  the  nozzle  should  be  essentially  isentropic  and, 
therefore,  Mach  numbers  in  the  test  section  could  be  calculated  from  pitot 
and  reservoir  pressure  measurements  alone. 

2.2.5  Scnlieren  System. — An  8-inch  schlieren  system  was  designed 
and  built  (Reference  7)  Tor  the  purpose  of  qualitaxive  analysis  of  the  flow. 
This  system  proved  to  be  useful  for  observation  of  starting  and  stopping 
shocks  and  boundary  layer-probe  shock  interaction.  However,  the  weak  shock 
waves  usually  seen  in  schlieren  pictures  of  supersonic  flow  were  either 
absent  or  so  weak  as  to  be  hidden  by  the  mottled  background  produced  by  the 
commercial-quality  surface  finish  on  the  plate  glass  windows. 


2.3  TESTS  AND  RESULTS  WITH  THEORETICAL  CONTOURS 

For  the  first  tests  in  the  evaluation  of  the  nozzle ,  the  jacks 
were  positioned  so  that  the  contours  of  each  block  by  itself  duplicated  the 
theoretical  inviscid  contours.  The  flow  produced  by  the  nozzle  was  evaluated 
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with  the  pitot  rake,  flow  i nclinoaeter ,  and  static  orifices.  The  moving- 
probe  technique  (Appendix  C)  vas  also  used.  These  measurements  shoved  that 
the  difference  of  extreme  Mach  numbers  in  a  test  rhombus  3.6  inches  high 
varied  between  1.6%  at  M  ■  1.5  and.  3.856  at  M  *  3*2*  The  maximum  difference 
in  flow  angle  varied  between  0.7°  and  2.2°  at  the  same  Mach  numbers.  Tne 
major  nonuniformity  at  all  Mach  number s  above  2»5  vas  a  band  of  compression 
^vayss^cf  shout  1-1/2°  total  deflection  angle,  originating  in  (or  reflecting 
from)  the  vicinity  of  the  last  three  jacks  on  the  upper  contour. . 

No  shock  waves  were  detected  in  either  the  schlieren  observations 
or  the  moving-probe  tests.  This  absence  of  shock  waves  is  attributed  to  the 
lack  of  physical  junctures  in  the  supersonic  portion  of  the  nozzle,  and  the 
lack  of  contour  vavinese  of  short  wavelength. 

In  choosing  the  value  3*6  inches  for  the  test  rhombus  height,  it 
vas  assumed  that  Mach  waves  impinging  on  the  boundary  layer  would  curve  as 
they  entered  the  boundary  layer,  become  normal  to  the  wall,  and  reflect  back 
along  smother  curve  to  the  outer  edge  of  the  boundary  layer.  As  far  as  the 
reflected  Mach  wave  is  concerned,  the  process  could  be  considered  one  of 
specular  reflection  from  a  "reflection"  plane  parallel  to  the  vail  within 
the  boundary  layer.  In  this  and  the  following  flow  evaluations -it  was  arbi¬ 
trarily  assumed  that  the  reflection  thickness,  (distance  of  this  reflection 
surface  from  the  wall)  vas  0.2  inches  at  all -Mach  numbers.  This  value 
represents  about  one-half  to  one-quarter  of  the  boundary  layer  thickness, 
depending  on  the  Mach  number.  The  effective  test  rhombus  height  is  then 
the  actual  height  minus  twice  the  reflection  thickness. 

2.1  IMPROVEMENT  OF  FLOW  UNIFORMITY 

2.1.1  Rotation. —The  first  change  in  nozzle  configuration  made 

to  improve  the  flow , uniformity  consisted  of  an  outward  rotation  of  the  down¬ 
stream  ends  of  both  nozzle  blocks,  to  effect  a  linear  boundary  layer  correc¬ 
tion.  The  changes  in  flow  uniformity  produced  by  this  correction  were  small. 

2.1.2  Sidewall  Fences. —It  vas  suspected  that  the  flow  nonunifom- 
ities  night  be  caused  at  least  partly  by  excessive  thickening  of  the  floor 
boundary  layer  due  to  downward  flow  in  the  sidewall  boundary  layers.  The 
existence  of  flow  from  the  sidewall  boundary  layers  to  the  floor  boundary 
layer  was  confirmed  in  tests  utilizing  the  china  clay  method  of  visualization 
of  boundary  layer  streamlines.  Aluminum  fences  were  then  glued  to  the  glass 
sidewalls,  following  the  recommendations  of  Reference  8.  Combinations  of  3> 
5,  and  7  fences  on  each  videvall  were  tested  at  M  *  3*0.  In  each  case  the 
flow  uniformity,  as  measured  with  the  flow  inclinometer,  showed  no  improve¬ 
ment.  There  appeared,  however,  to  be  a  reduction  in  boundary-layer  ctots 
flow  as  shown  by  china  clay  streamlines. 
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2.4.3  Upper  Contour  Correction. —Since  the  greatest  flow  nonuni- 
formitles  occurred  at  the  higher  Mach  numbers  and  consisted  chiefly  Df  a  hand 
of  compression  waves  from  'the  region  of  the  last  three  jacks  on  the  upper 
flexible  plate,  it  appeared  logical  to  attempt  a  correction  by  suitable  reposi¬ 
tioning  of  those  jacks.  This  repositioning  vas  done  by  trial -and  error,  and 

a  combination  of  jack  settings  was  found  which  reduced  the  compression  band  - 
to  one-quarter  of  its  original  strength.  When  this  was  tested  at  Mach  numbers 
below  2.0,  however-,  the  flow  vas  found  to  be  less  uniform  than  that  produced 
by  the  original  configuration  in  this  Mach  number  range, 

2.4.4  Boundary  Layer  Corrections . —Several  different  boundary - 
layer  corrections  were  set  into  the  contours  by  adjustment  of  the  Jacks,  The 
first'  correction  to  be  tried  consisted  of  . an  outward  mover-lent,  of  the  contour 

at  each  station  by  an  amount  equal  to  the  displacement  thickness  on  the  contour 
at  that  station.  The  displacement  thicknesses  were  calculated  by  the  Tucker, 
method  (Reference  9)  for  flow  at  M  =3*2,  assuming  zero  boundary-layer  thick¬ 
ness  at  the  throat.  The  boundary  layer  thickness  at  the  nozzle  exit,  calcu¬ 
lated  by  this  method,  vas  in  reasonable  agreement  with  that  obtained  from 
pitot  probe  measurements  of  the  actual  boundary  layer.  The  variation  of 
boundary-layer  displacement  thickness  in  the  test  section  vas  taken  to" be  a 
straight  line  extension  of  that  at  the  exit  of  the  nozzle.  Each  Jack  was 
turned  a  certain  number  of  revolutions  calculated  to  move  the  contour  a 
distance  equal  to  the  displacement  thickness  at  that  point. 

The  flow  produced  by  the  nozzle  with  this  boundary-layer  correction 
vas  measured  with  the  pitot  rake  connected  to  mercury  manometers.  A  definite 
improvement  in  flow  uniformity  vas  noted.  The  maximum  Mach  number  variation 
within  a  4-inch-high  test  rhombus  vas  reduced  to  2.6  percent  or  less  over  the 
whole  Mach  number  range. 

Next,  the  downstream  ends "of  both  nozzle  blocks  were  rotated  out¬ 
ward  to  make  a  linear  correction  for  the  sidewall  boundary-layer  displace¬ 
ment  thickness  in  addition  to  that  of  the  contoured  walls.  Due  to  mechanical 
limitations,  however,  only  0.9  of  the  sidewall  displacement  thickness  at 
M  =  3*2  could  be  corrected  for.  Tests  with  this  nozzle  setting  showed  only 
a  slight  improvement  in  uniformity  over  that  of  the  two-wall  correction.  Due 
to  the  increased  test-section  height,  a  Mach  number  of  4.1  vas  reached  with 
the  lower  block  translated  to  its  upstream  limit;  with  the  two-wall  correc¬ 
tion,  the  corresponding  upper  limit  vas  a  Mach  number  of  3*9* 

Following  the  flow  measurements,  an  accurate  check  on  the  actual 
nozzle  contours  vas  made  by  means  of  vernier  height-gage  measurements  from 
a  48-inch  Browne  and  Sharpe  cast  iron  straightedge  mounted  on  the  side  of 
the  tunnel.  At  this  time  an  error  in  rotation  pin  location  vas  found.  The 
vertical  distance  between  the  points  of  rotation  of  the  two  blocks  was  0.028 
inches  greater  than  the  theoretical  value.  The  error  amounts  to  a  rotation 
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of  cne  block  with  respect  to  the  other  by  about  0.05  degrees.  For  any  given 
Match,  number,  the  distances  between  nozzle  blocks  at  points  between  throat  and 
test  section  sue  increased  beyond  the  theoretical  values  by  amounts  up  to 
0.014  inches.  Errors  in  the  jack  settings  were  also  measured.  These  were 
probably  due  to  lost  motion  and  small,  deflections  in  the  jack  mechanisms. 

In  order  to  determine  if  removal  of  the  above  errura  would  xurthar 
improve  the  flow,  the  contour  was  set  accurately  t©'-the  Tucker  two-wall  bound 
ary-layer  displacement  thickness  correction  by  means  of  the  height  gage  and 
straightedge.  This  time  the  throat  boundary-layer  displacement  thickness  was 
assumed  equal  to  0.014  inches  on  each  contour,  thus  taking  up  the  extra 
0.028-inch  of  throat  height  due  to  rotation  pin  misalignment.  The  resulting 
flow,  however,  shoved  about  the  samo  order  of  flow  uniformity  as  that  pro¬ 
duced  by  the  initial  tvo-vall  boundary -layer  correction. 

Since  the  above  tests  were  made  'with  the  boundary-layer  correction 
in  the  test  section  continued  linearly  from  that  in  the  nozzle,  a  calculation 
was  made  of  the  theoretical  test -section  displacement -thickness  growth  at 
M  *  J.2,  by  the  Tucker  method.  This  calculation  showed  that  the  slope  of  the 
boundary-layer  correction  should  be  less  in  the  test  section  than  at  the  exit 
of  the  nozzle.  The  nozzle  contours  were  therefore  set  to  this  more  realistic 
boundary-layer  correction  by  means  of  the  straightedge  and  height  gage.  The 
flow  uniformity,  however,  was  made  somewhat  worse  by  this  change. 

2.4.5  Trial -and -Error  Corrections. •—  In  a  search  for  further  flow 
refinement,  a  trial -and-error  method  of  contour  correction  was  next  .tried. 
Starting  with  the  two -wall  boundary-layer  correction,  contour  changes  were 
made  during  a  run  by  adjusting  various  Jacks,  and  the  effect  on  flow  uniform¬ 
ity  was  observed  on  an  oil  manometer  board  which  measured  static  pressures 
along  the  flat._portion  of  the  lover -nozzle  block, ~  Iirls  shewn  in  Appendix  D 
that  the  uniformity  of  flow  in  the  test  section  of  a  two-dimensional  nozzle 
can  be  determined  directly  from  static  pressure  measurements  along  the  floor 
or  ceiling  of  the  test  section. 

It  was  found  that  the  flew  could  be  made  quite  uniform  at  any  given 
Mach  number  by  adjusting  the  Jacks  during  two  or  three  runs.  However,  the 
flow  at  other  Mach  numbers  would  usually  be  worsened  by  this  process.  Al¬ 
though  several  methods  of  iteration  were  tried,  no  contour  settings  were 
found  that  would  give  a  significant  improvement  throughout  the  Mach  number 
range  over  the  flow  with  the  two-wall  boundary -layer  correction. 

2.4.6  Final  Correction.— The  final  contour  setting  was  arrived  at 
by  going  back  to  the  two-wall  Tucker  displacement-thickness  correction  with 
test-section  boundary-layer  growth  extrapolated  linearly  from  that  at  the 
nozzle  exit.  This  contour  was  accurately  set  by  means  of  the  height  gage 
and  straightedge.  Some  small  changes  were  then  made  in  the  downstream  part 
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of  the  upper  contour,  which  improved  the  flow  slightly  at  the  higher  Mach 
numbers,-  where  the  greatest  nonunifonnities  had  existed  in  the  flow  with, 
unmodified  boundary-layer  correction.  The  flow  produced  by  these  final 
contours  was  then  evaluated  in  great  detail  by  means  of  pitot  probe  and 
static-wall  pressure  tests.  The  results  of  these  tests,  presented  in  Section 


3,  show  a  maximum  Mach  number  variation  within  a  4-inch-high  test  rhombus  of 
loss  than  - 1. 6%  at  each  Mach  number  tested  In  Lue  range  M  =  l.p  to  4.0. 


2.5  FINAL  CONTOURS 

The  contours  of  the  nozzle  as. finally  adjusted  were  measured 
with  the  vernier  height  gage  and  cast  iron  straightedge.  The  measurements, 
when  plotted  as  y -coordinate  displacements  from  the  theoretical  contO’urs, 
revealed  a  small  amount  of  waviness  having  maximum  amplitude  midway  between 
jacks.  This  waviness,  which  is  believed  to  be  an  unavoidable  consequence  of 
supporting  a  flexible  plate  by  a  finite  number  of  jacks,  was  eliminated  by 
fairing  a  smooth  curve  through  the  measured  points  for  each  nozzle  block. 

These  final  faired  contours  are  shown  in  Fig.  2.2  in  the  form  of  displacements 
from  the  theoretical  contours.  The  coordinates  of  the  final  faired  contours 
are  listed  in  Table  2.2,  and  those  of  the  theoretical  inviscid  contours  in 
Table  2.1.  ■  The  deviations  of  the  actual  measurements  from  the  faired  contours 
are  shown  in  Fig.  2.3. 

Direct  measurements  of  the  curvature  of  the  nozzle  contours  were 
made  by  means  of  the  gage  shown  in  Fig., 2.4.  This  gage,  with  the  distances 
between  the  middle  contact  and  the  other  two  contacts  set  at,  1/2 -inch,  reads 
directly  one -quarter  of  the  average  curvature  in  the  1 -inch, interval  (Appendix 
E).  Measured  values  of  the  curvature  of  the  contours  are  presented  in  Figs. 

-  2.5  and  2.6.  .together  with  the  curvature _of  the  thecreti  cal  con'tours  and  of 
the  faired  contours. 

Some  of  the  curvature  measurements  plotted  in  Fig.  2.5  were  made 
close  to  the  edge  of  the  flexible  plate.  Near  each  jack  location  these  . edge 
measurements  depart -from  measurements  made  nearer  the  center,  because  the 
transverse  curvature  of  the  plane  is  restricted  by  the  jack  attachment,  whose 
width  is  almost  that  of  the  plane. 


SECTION  5 

FLOW  EVALUATION  WITH  FINAL  CONTOURS 
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g.  2.2.  y -coordinate  difference  between  Fig.  2.5.  Deviations  of  actual  measurements 

faired  and  theoretical  contours.  from  faired  contours. 
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Avarag*  curvature  of  co>itawm  Hncli  Interval* (Inch**) 


Lower  contour  X-coordinot».lnch«s 


Fig.  2.5.  Average  curvature  of  lover  contour 
in  1-inch  intervals. 


Fig.  2.6.  Values  of  average  curvature  In  1-inch  intervals  for 
theoretical  and  final  upper  contours. 


WAD C  TR  55 -SB 


11 


TABLE  2.1  .  COORDINATES  OF  THEORETICAL  INVISCH)  CONTOURS 


Lover  Contour  Coordinates 


*L 

VL 

XL 

yL 

XL 

yL 

XL 

yL 

-12.00 

0 

8.75 

.359 

17.75 

2.047 

26.75 

5.776 

0 

0 

9.00 

.384 

18.00  ■■ 

2.119 

27.OO 

5.938 

0.25 

0 

9.25 

.408 

18.25 

2.190 

27.25 

6.100 

0.50 

.001 

9.5C 

.436 

18.50 

2.262 

27.50 

6.262 

0.75 

.001 

9.75 

.464  ■ 

18/75 

2.334 

-  27.75 

6.424 

■  1,00 

.002 

10.00 

.492 

19.00 

2.405 

28.00 

6.585 

1.25 

.005 

10.25 

.522 

19.25 

2.477 

28.25 

6.744 

1.50 

.005 

10.50 

.552 

■19.50  . 

2.549 

28.50 

6.900 

1.75 

.008 

10.75 

.585 

19.75 

2.620 

28.75 

7.053 

2.00 

.011' 

11.00 

.618 

20.00 

2.692 

29.00 

7.202 

2.25 

.015' 

11.25' 

.  .652 

20.25 

2.764 

29.25 

7.347 

2.50 

.019 

.11.50 

.688 

20.50 

2.835. 

29.50 

774 BT 

2.75 

.ce4 

11.75 

.725 

20.75 

2.908 

29.75 

7.623 

3.00 

.030 

12.00. 

.764 

21.00 

2.982 

50.00 

7.754 

3-25 

.036 

12.25 

,804 

21.25 

3.058 

30.25 

7.880 

3.50 

-  ,043 

12.50 

.845 

21.50 

3.137 

30.50 

8.001 

3-75 

.052 

12.75 

.886 

21.75 

3.220 

50.75 

8.117 

4.00 

.060 

13.00 

.931 

--  22.00 

3.307 

31.00 

8.227 

4.25 

.069 

13.25 

.975 

22.25 

3.398 

31.25 

6.332 

4.50 

.079 

13.50 

1.021 

22.50 

3.493 

31.50 

8.431 

4.75 

-  .090 

13-75 

1.068 

•  22.75 

3.592 

31.75 

8 . 524“ 

5.00 

.101 

14.00 

I.117 

23.00 

3.695 

32.00' 

8.612 

5.25 

.112 

14.25 

1.168 

23.25 

3.802 

32.25 

8.694 

5.50 

.125 

14.50 

1.219 

23.50 

3.913 

32.50 

8.770 

5.75 

.139 

14.75 

I.272 

23.75 

4,029 

32.75 

8.841 

6. CO 

.153 

15.00 

1.328 

24.00 

4.150 

.  33.00 

8.906 

6 ,23 

.167 

15.25 

1.385 

24.25 

4.276 

33.25 

8.965 

6.50 

.183 

15.50 

1.423 

24.50 

4.408 

33.50 

9.018 

6.75 

.199 

15.75 

1.503 

24.75 

4.545 

33.75 

9.064 

7.00 

.216 

16.00. 

1.565 

25.00 

4.687 

34.00 

9.101 

7.25 

.234 

16.25 

1.629 

25.25 

4.833 

34.25 

9.125 

7.50 

.252 

16.50 

1.695 

25.50 

4.983 

34.50 

9.135  ■ 

7.75 

.272 

16.75 

1.763 

25.75 

5.137 

34.75 

9.136 

8.00 

.293 

17.00 

1.833 

26.00 

5.294 

. .  35.00 

9.136 

8.25 

.314 

17.25 

1.907 

26.25 

5.453 

8.50 

.336 

17.50 

1.975 

26.50 

5.614 

TABLE  2.1  (cant'd) 


Upper  Contour  Coordinates 


*u  : 

yu 

yU 

*0 

Jr- 

■ 

J  “  * 

>> 

-9 .00 

0 

ii:  .50 

.525 

25.25 

5  >  107 

•>  O  rs  r\ 

-  ,  uv 

£  l'.  Gi 

W  .  TVi 

C 

■  0 

12.75 

.552 

25.50 

3.179 

38.25 

6.490 

0.25 

c 

13.X 

.578  . 

25.75 

3.251 

58.5c 

6.49c 

0.5c 

c 

13.25 

.6cS 

26 .00 

3.322 

38,75 

6,48o 

0.75 

0- 

13.50 

.634 

26.25 

3.394 

-39.0c 

6.46l 

i.X 

0 

13.75 

.  66p 

26.50. 

3 . 466 

39.25 

6,431 

1.25 

r\ 

w 

14. X 

.695 

26.75 

3.538  ... 

39.5c 

6,391 

1.50  ' 

c 

14.25 

.726 

27.00- 

3.609 

xq  7 K 

6.34c 

1.75 

.XI 

14.50 

.758 

27.25 

3.681 

4c. X 

6,278 

2  .CO 

.XI 

14.75 

.791 

27.50 

J 

40'  .25 

6.204 

2  .25 

.002 

15.00 

.825  ■ 

27.75 

3 .824 

40,50 

6,113 

2.50 

.003 

15.25 

.853 

28. CO’  ■ 

3.696 

40.75 

6 ,  CIS 

2.75 

.004 

15.50 

.895 

28.25 

3.967 

41.00 

5.903 

3.X 

.007 

15.75 

.932 

28.50' 

■4.039 

'41.25 

5.776 

3.25  - 

.009 

16.X 

.971 

28.75 

4,111 

j;  ' 

■■■  -2v 

5.640- 

3.50- 

.013 

1  <  OR 

1.010 

25.00 

4.183 

41.75 

5.457 

3-75 

.016 

16 .50- 

1.0-50 

25.25 

4 ,254 

42.X 

5.348 

4.X 

/■v*r» 

’  «  UC.O 

16.75 

1.051 

25.50 

4.326 

42,25 

5.194 

4.25 

.025 

'  • '  I?  .’ CO  - 

1.133 ' 

'  29.75 

4.398 

42.50 

5.035 

4.50 

.031 

17.25 

1.176 

30.X 

4,465 

42.75 

4.672 

4.75 

.038 

17.50 

1.221 

30.25 

■■  4.541 

43.x 

4.705 

5.X 

.045 

If.  75 

1.256 

30.50 

4.613 

43.25 

4.534 

5.25 

.051 

18.X 

1.312 

30.75 

4.685 

43.5C 

4.360 

5-50 

.060 

18.25 

1.360 

31.  cc 

4.756 

43.75 

4,163 

.5.75 

.068 

18.50 

1.408 

31.25 

4 , 328 

44,00 

4,003 

6.X 

.076 

18.75' 

1.458  - 

31.50 

).  r-r\r\ 

~ 

-44.25 

3.821 

6.25 

.087 

19  00 

1.508 

V>l 

1  • 

VII 

4.572 

44.50 

3.637 

6.50 

.097  ' 

19.25 

1.559 

32.x 

5.043 

44.75 

3.452 

6.75 

.107 

19.50 

1.612 

32.25 

5.115 

45.00 

3.267 

7.00 

.119 

19.75 

1.666 

32 .50 

5.186 

45.25 

3.083 

7.25 

.132 

20. X 

.  1.720 

32.75 

5.258 

45.50 

2. SCO' 

7.50 

.144 

20.25 

1.776 

33.00 

5.330' 

45.75 

2.720 

7.75 

.157 

20.50 

1.633 

.33.25  - 

3.402  ■ 

46.00 

2.543 

8.00 

.171 

20.75 

1.691 

53.50 

5-473 

46.25 

2.370 

8.25 

.185- 

-21,00 

..  1.950 

33.75 

5.545 

46 .50 

2,202 

8.50 

.199 

21.25 

2.CH 

34.x 

5.616 

46.75 

2.040 

8.75 

.215 

21.50 

2.072 

34.25 

5.688 

47.X 

1,886 

9.X 

.231 

21.75 

2 .155 

34.50 

5.760 

47.25 

1.742 

9.25' 

.247 

22.X 

2.199 

34.75 

5.832 

47.50 

1,610 

9.50 

.265 

22.25 

2  .264 

35.x 

5.90d 

47.75 

1.493 

9.75 

.283 

22.50 

2.330 

35.25 

5.972 

48.00 

1.354 

10. X 

.302 

22.75 

2 . 398 

35.50 

6.039 

43.25 

1.315 

10.25 

.322 

23.X 

2.466 

35.75 

6.104 

48.50 

1.256 

10.50 

.342 

23.25 

2.536 

36.00 

6.166 

48,75 

1.215 

10.75 

.362 

23.50 

2  .606 

36.25 

6.224 

49.00 

1.189 

11.  CO 

.333 

23.75 

2.677 

36.50 

6.278 

49.25 

1,175 

11.25 

.405 

24.X 

2.748 

36.75 

6.327 

49.50 

1.169 

11.50 

.427 

24.25 

2.821 

*7  .00 

6.371 

49.75 

1.167 

11.75 

.451 

24.50 

2.892 

37.25 

6.40S 

50.  CC 

I.I06 

12.00 

.475 

24.75 

2.564 

37.50 

6.440 

12.25 

.499 

25.X 

3.036 

37 .75 

6.464 
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TABLE  2.2.  COORDINATES  OF  FINAL  CONTOURS 


Lover  Contour  Coordinates 

XL 

yL 

XL  yL  XL 

yL 

XL 

yL 

■12.00 

.1390 

9.00 

.2957 

17.75 

1.9200 

26.50 

5.440 

0 

c 

9.25 

.3195 

18.00 

1.9902 

26.75 

5.600 

0.25 

-.0029 

9.50 

.3444 

18.25 

2  ,0604 

27.00 

5.761 

0.50 

-.0056 

9.75 

.2704 

18.50 

2.1306 

27.25 

5.922 

0.75 

-.0079 

10.00 

.3976 

18.75 

2.2008 

27.50 

6.083 

1.00 

- .0097 

10.25 

.4260 

19.00 

2.2710 

27.75 

6.243 

1.25 

-.Clio 

10.50 

.4556 

19.25 

2.3413 

28.00 

6.403 

1.50 

-.0118 

10.75 

.4864 

19.50 

2.4117 

28.25 

6.561 

1.75 

-.0120 

11.00 

.5184 

19.75 

2.4823 

28.5C 

6.716 

£  AA 

C  .  UV 

-.0116 

11.25 

.5516 

20.00 

2.5531 

28.75 

6.867 

2.25 

-.0106 

11.50 

.5861 

20.25 

2.623 

29.00 

7.014 

2.50 

-.0090  ■ 

11.75 

.6219 

20.50 

2.693 

29.25 

7.158 

2.75 

-.0067 

12.00 

.6590 

20.75 

2.764 

29.50 

7.298 

5.00 

-.0058 

12.25 

.6974 

21.00 

2.837 

25.75 

7.433 

3.25 

- .0002 

12.50 

.7371 

21.25 

2.912 

30.00 

7.564 

3.50 

+.0041 

12.75 

.7782 

21.50 

2.990 

30.25 

7.690 

3.75 

+.0091 

13.00 

.8206 

21.75 

3.071 

30.50 

7.810 

4.00 

+.0148 

13.25 

.6644 

22.00 

3.156 

30.75 

7.924 

4.25 

,0212 

13.50 

.9096 

22.25 

3.246 

31.00 

8,032 

4,50 

.0284 

13.75 

.9562 

22.50 

3.340 

31.25 

8,135 

4.75 

.0363 

14.00 

1.0042 

22.75 

3.438 

31.50 

8.232 

5.00 

.0450 

14.25 

1.0537 

23.00 

3.540 

31.75 

3.524 

5.25 

-  ,0544 

14.50 

1.1047 

23.25 

3.646 

32.00 

8.411 

5.50 

.0646 

14.75 

1.1572 

23.50 

3.756 

32.25 

8.492 

5.75 

.0755 

15.00 

1.2113 

23.75 

3.870 

32.50 

8.567 

6.00 

.0872 

15.25 

1.2670 

24.00 

3.989 

32.75 

8.635 

6.25 

.0997 

15.50 

1.3244 

24.25 

4,114 

33.00 

8.697 

6.50 

.1130 

15.75 

1.3856 

24.50 

4.244 

33.25 

8.753 

6.75 

.1272 

16.OC 

1.4447 

24.75 

4.380 

33.50 

8.803 

7.00 

.1422 

16.25 

1.5078 

25.00 

4.521 

33.75 

8.845 

7.25 

.1581 

16.50 

1.5730 

25.25 

4.666 

34.00 

8.878 

7.50 

.1749 

16.75 

1.6403 

25.50 

4.815 

34.25 

8.901 

7.75 

.1926 

17.00 

1.7095 

25.75 

4.967 

34.50 

8.913 

8.00 

.2112 

17.25 

1.7796 

26.00 

5.123 

34.75 

8.917 

8.25 

.2308 

17.50 

1.8498 

26  ,?A 

5,281 

35.00 

8.917 

8.50  .2514 

8.75  .2750 


IN 
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TABLE  2.2  (coat'd) 


Upper 

Cent cur 

Coordinates 

*  Vtt 

~  XU 

7'J 

-  '  XU 

y(j 

-  9.x 

-.0820 

12 . 2" 

6080 

5  1533 

37.25 

6.627 

0 

O' 

-  12 . 50 

.  634  8 

23.00 

3 . 2262 

37.50 

6. 655 

C.25  . 

.0026 

12.75- 

,  6621 

25.25 

3.2991 

27.75 

6.679 

0.50 

.0055 

13.  CO 

.6909 

25.50 

3.3720 

38.X  ~ 

6.696 

0.75  ■ 

.0087 

■13.25 

.7203 

22.75 

3.H49 

38.25 

6.705 

1.00 

.0122 

13.50 

•  7506 

26.00 

3.5178 

38.50 

6.705 

1.25' 

.CISC 

13.75 

.7818 

26.25 

3.5907 

38. 75 

6, 695 

1.50 

.0201 

14 . 00 

.3139 

26.  50 

3. 6635 

39.X 

6.676 

1.75 

.02U5 

11.25 

.8169 

e6 . 7t 

3.7363 

39.25 

6. 626 

2.00 

.0292 

11.50 

.3808 

27.00 

3 . 8091 

-57.50 

6,606 

2.25 

.0313 

11.75 

.9156 

27.25 

'3.8818 

39-75 

6.  555 

2.50 

-  .0397 

15.00 

.9511 

.  27.50 

3.9515 

20.X 

6.293 

2.75 

.0151 

15.25 

.  9882 

27.75 

■  1 . 0272 

40.25 

6.119 

3.00 

■  .0515 

15.50 

1 . 026c 

26.00 

1.0998 

IO.5O 

.  6.333 

3.25 

.0579 

15.75 

1.0618 

'  28.25 

1 .  *  -rr' ; 

'  20.75 

6.233 

3.5c 

-■  .C6lv 

'  C.  f\r, 

, xO . iv 

1.1046 

28.pC 

4.225c 

21.00  - 

6.118 

3.75 

.0719 

16.25 

I.1I5I 

28.75 

2 . 3175 

21.25 

5.991 

1.00 

.0795 

16.50 

1 . 1872 

2>.X 

1.3900 

21.50 

5 . 855 

4.25 

.0875 

16.75 

I.2300 

29.25 

4.2625 

11.75 

5.712 

1.50 

.0959 

17.00 

1.2738 

29.5C 

2.5319 

22.X 

5.563 

1.75 

.1017 

17.25 

1.3186 

29.75 

2.5073 

22.25 

5.209 

5.00 

.1139 

17.50 

1.3611 

30.  CO 

1 . 6797 

42.50 

5.250 

5.25 

.1235 

17. 75 

1.1112. 

30.25 

■27752C- 

22.75 

5.087 

5.50 

•  1335 

i3.cc 

1.4591 

30.50 

2.8213 

23.00 

4.920 

5.75 

.1159 

18.25 

1 .  JOSC 

30.75 

2,8965 

23.25 

4.729 

6.00 

.1518 

18.50 

*! 

•*»  • 

31.X 

2.9687 

23.5Cr 

4.575^ 

6.25 — 

.1662 

18.75 

1.6090 

31.25 

5.  dC9  - 

“?•  r  5 

- .  39-8 

6.50 

.  1781 

19.00 

1 . 6611 

51.50  ' 

5.1130 

21 .  OC 

4.218 

6.75 

.1905 

19.25 

1.7112 

31.75' 

5.1851 

■  22.25 

4.036 

7.00 

.2051 

19.5C 

1.768-. 

32,00 

5.2571 

-4.50 

3.852 

7.25 

.2168 

19-75 

1.8237 

XO 

5.3291 

4-. 75  - 

3.667 

7.50 

.2307 

20.00 

1.8801 

32.5c 

5. -CIO 

45.  X 

3.132 

7.75 

.  2I51 

20.25 

1.9376 

32.75 

5.4729 

25.25 

3.298 

8,00 

.2601 

20.50 

1 . 9962 

33.00 

* 

1 

li  K  X.r\ 

3.H5 

8,25 

.2756 

20.75 

2.0559 

33.25 

5.6165 

15.75  " 

2.935 

8,50 

.2917 

21.00 

2.1167 

33.50 

5. 6362 

-6.00  ' 

2.758 

8.75 

.3083 

21.25 

2 . 1787 

33.75 

5.7599 

26.25 

2 , 585 

9.00 

.3255 

21.50 

2.2119 

Ju'  .  U  w 

5.8315 

26.50 

-2.417 

9.25 

.3133 

21.75 

2.3063 

34 .25 

5-9031 

26.75 

2.255 

9.50 

.3617 

22,00 

2.3719 

31.50 

5.97-6 

I7.00 

2.101 

9.75 

.3807 

22.2= 

2.13S7 

31.75 

6.  OI60 

27.25 

1.957 

10.00 

.lool 

22.50 

2.5067 

3o  ■  00 

6.1170 

27.50 

i.8s* 

10.25 

.1207 

22.75 

2.5758 

35.25 

6.1867 

27.75  ' 

1.708 

10.50 

.1117 

23.00 

2.6160 

35.50 

6.25I5 

18.00 

1.609 

10.75 

.1633 

23.25 

2.7172 

XX  XX 

J  >  •  \  S 

6.3191 

18.25 

1.530 

11.00 

.1856 

23.50 

2.7892 

36.  CO 

6.581 

18. 50 

1.I71 

11.25 

.5086 

23.75 

2.8618 

36.25 

6.239 

18.75 

1.230 

11.5c 

.5323 

2l.CC 

2.9316 

36.50 

6.-93 

29.  co 

1.102 

11.75 

.5568 

21.25 

3.C075 

36.75 

6.  522 

23.25 

1.390 

12.00 

.5820 

21.50 

3.0801 

37.00 

6.586 

29.50 

1.382 

19.75 

1.382 

50.00 

1.381 
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final  contours  was  evaluated  at  M  =  1.27,  1.3^>  1*45*  and  1.5  "by  means  of 
floor  static -pres sure  measurements,  and  at  M  =  1.6,  1.9,  2.5.  3*2  and  5.8 
by  pitot  pressure  measurements  with  the  five -prong  pitot  rake.  For  most  of 
the  pitot  tests  the  rake  was  mounted  in  the  vertical  roll  position,  and 
measurements  were  taken  at  a  fixed  height  above  the  floor  at  axial  stations 
spaced  0.5  n/M2  -  1  inches  apart.  Since  the  pitot  orifices  are  l/2-  inch  apart 
vertically,  this  axial  spacing  placed  the  orifices  at  the  intersections  of  a 
network  of  equally  spaced  Mach  lines.  The  pitot  pressure  measurements  were 
made  with  mercury  manometry,  while  static  pressures  were  measured  with  Meriam 
red  oil.  The  manometers  were  clamped  near  the  end  of  each  run  and  their 
heights  read  immediately  afterward.  All  the  tests  were  made  at  dewpoints 
below  -25 °F . 

3.1.2  Higher  Stagnation  Pressure. — A  limited  number  of  runs  was 
made  at  stagnation  pressures  of  from  2  to  6  atmospheres  in  order  to  assess 
the  effect  of  Reynolds*  number  variation  on  the  nozzle  performance.  Fig, 

3.1  shows  the  nozzle  installation  for  the  higher  pressure  tests.  These  tests 
were  made  at  Mach  numbers  1.9  and  3*2.  Pitot  pressures  were  measured  at  the 
same  points  in  the  flow  as  at  atmospheric  stagnation  pressure,  using  similar 
instrumentation.  The  static  pressure  in  the  settling  chamber  was  measured 
by  two  100-inch  Meriam  mercury  manometers  in  series,  and  converted  to  stagna¬ 
tion  pressure  through  an  experimental  correction  factor.  Stagnation  tempera¬ 
tures  were  recorded  on  a  Brown  recorder.  Stagnation  pressure  was  controlled 
manually  by  a  Fischer  valve  which  throttled  the  flow  from  about  400  psi  to 
the  desired  stagnation  pressure.  The  400  psi  air  came,  in  turn,  from  a  Foster 
reducing  valve  which  was  connected  to  a  3000  psi  air  storage  tank.  A  bourdon- 
tube  pressure  transducer  with  an  Atcotran  pickup  gave  the  operator  a  sensitive 
indication  of  stagnation  pressure  variations.  The  stagnation  pressure  varia¬ 
tion  during  the  ten  seconds  that  the  manometers  were  unclamped  was  usually 
less  than  l/2$.  The  dewpoint  of  the  air  was  always  less  than  -25°F. 

✓ 

3.2  DATA  REDUCTION 

3.2.1  Method.— The  pitot  pressure  data  were  reduced  by  a  method 
based  on  the  analysis  in  Appendix  D.  The  data,  as  mentioned  above,  were 
taken  at  the  points  of  intersection  of  a  network  of  equally  spaced  upward-and 
downward-running  Mach  lines.  Disturbance  waves  between  two  adjacent  Mach 
lines  produced  a  change  in  pitot  pressure.  The  values  of  this  change  were 
obtained  as  the  difference  in  pitot  pressure  ratio  between  a  point  on  one 
line  and  a  point  on  the  other  line  lying  on  the  same  crossing  Mach  line. 

These  difference  values  for  a  given  pair  of  Mach  lines  were  averaged  in  such 
a  way  that  each  measurement,  where  more  than  one  measurement  was  made  at  a 
point,  was  given  equal  weight.  These  average  difference  values  were  then  used 
in  a  plot  showing  the  variation  of  pitot  pressure  ratio  along  a  Mach  line 
crossing  the  disturbances.  This  was  done  for  the  variation  along  both  upward 
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Fig.  3.1*  Photo  of  nozzle  installation  for  higher  stagnation  pressure  tests. 


and  downward  Mach  lines,  and  then  the  two  combined  by  reflection,  assuming 
a  0.2-inch  boundary-layer  reflection  thickness,  to  give  the  pitot  pressure 
variation  -along  a  complete  Mach  line  from  floor  reflection  surface  to  ceiling 
reflection  surface.  A  curve  was  faired  through  these  points,  and  from  ip  were 
read  values  of  the  faired  difference  in  pitot  pressure  ratio  between  adjacent 
Mach -lines  of  the  network,  along  a  crossing  Mach  line. 

From  the  faired  values  of  the  difference  in  pitot  pressure  ratio 
between  Mach  lines  of  the  network,  a  set  of  faired  values  of  pitot  pressure 
ratio,  one  value  for  each  point  of  the  network,  was  constructed.  This  set 
of  faired  values  was  chosen  so  that  the  overall  average  of  the  differences, 
between  faired  and  measured  values  at  a  point,  equaled  zero.  These  faired 
values  are  considered  to  be  the  best  estimates  of  the  true  values  at  the 
points  of  measurement  that  can  be  deduced  from  all  the  data  considered  as  a 
whole,  consistent  with  the  assumptions  of  Appendix  D. 

The  pitot  pressure  ratios  were  converted  to  Mach  numbers.  With  the 
assumption  of  ieentropic  flow  through  the  nozzle.,  The  method  of  Appendix  D 
was  then  used  to  find  the  variation' of  flow  'uniformity  as  a  function  of 
rhombus  axial  location.  A  fixed  position  of  the  test  rhombus  was  chosen  a a 
a  compromise  between  best  flow  uniformity  over  the  Mach  number  range  and  min¬ 
imum  nozzle  length.  At  each  Mach  number  the-  Mach  number  distributions  along 
the  sides  of  the  rhombus  at  this  location  were  integrated,  and  the  average 
Mach  number  within  the  rhombus  was  obtained.  The  maximum  plus  and  minus 
deviations  from  the  average  within  the  rhombus  were  then  found.  The  same 
steps  were  followed  to  obtain  the  flow -angle  deviation  from  the  average. 

3.2.2  Accuracy. --An  indication  of  the  accuracy  of  the  data  reduc¬ 
tion  procedure  is  given  in  Fig.  3  =  2.  This  figure, presents  -the  standard 
deviation  of  the  measured  values  from  the  faired  (average)  values  as  a 
function  of  Mach  number.  Also  plotted  for  comparison  is  the  expected  stand¬ 
ard  deviation  due  to  experimental  error  only,  as  determined  by  statistical 
analysis  of  repeat  data.  These  values  of  standard  deviation  are  in  terms  of 
pitot  'pressure  ratio.  For  convenience  in  converting  to  Mach  number  or  flow 
angle  the  magnitudes  of  the  deviation  in  pitot  pressure  ratio  associated 
with  0.1$  change  in  Mach  number  and  0.05°  change  in  flow  inclination  are  also 
shown . 


Another,  comparison  between  the  measured  values  of  pitot -pressure 
ratio  and  the  faired  values  is  presented  in  Figs,  3»3  and  3,4.  These  figures 
snow  the  faired  pressure -ratio  variation  along  Mach  lines  through  the  points 
of  measurement,  together  with  the  measured  values.  The  scales  have  been 
stretched  linearly  for  ease  of  plotting.  It  should  be  noted  that  in  accord¬ 
ance  with  theory,  the  difference  in  faired  values  of  the  pressure  ratio 
between  any  two  Mach  lines  of  a  given  family  along  a  crossing  Mach  line  is  a 
constant. 
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|0  ?-lnch  assumed  reflection  thickness 


Lower  Nozzle  Contour 


Fig.  3.3«  Comparison  of  faired  pitot -pres sure  distribution 
with  the  data  points.  M  =  2.51. 

Upper  Nozzle  Contour 


Test  Rhombus 


///  ////////////  /y  ////////////  / 

I  Q,2-  I nch  ossumed  reflection  thickness  \ 

\  Lower  Nozzle  Contour 

Fig.  3.4.  Comparison  of  faired  pitct-pressure  distribution  with 
the  data  points.  M  =  3*84.  Atmospheric  stagnation. 
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J.2.3  Two  Dimensionality. --The- results  gives  above  vers  obtained 
in  the  vertical  center  plane  of  the  tunnel  and  reduced  by  a  process  which, 
assumes  tvo -dimensional  flow.  The  validity  of  this  assumption  was  checked 
by  measurements  made  with  the  five -prong  pitot  rake  in  a  horizontal  attitude. 
At  most  locations  of  the  rake  the  agreement  of  the  five  ucaBurementB  was  very 
good.  The  greatest  deviation  between  measurements  along  any  transverse  line 
was  about  0.2^  in  Mach  number.  This  occasional  slight  non-two -dimensionality 
may  account  for  the  increase  of  the  standard  deviation  over  that  given  by  the 
experimental  errors  in  Fig.  3.2. 

■  3.2.1+  Details .  —Details  of  some  steps  in  the  data  evaluation  proc¬ 
ess  are  shown  in  Figs.  3*5  to  3*i0«  Fig*  3.5  shows  the  static -pres sure  dis¬ 
tribution  along  the  floor  of  the  test  section  at  M  e  1.27*  1«3^*  1.1+5*  and 
1.51.  As  the  static -pressure  measurements  were  relative,  the  average  Mach 
number  values  shown  here  vere  obtained  by  extrapolation  of  pitot  pressure 
measurements  at  M  ■  1.6  and  above.  Each  curve  covers  one  complete  cycle  of 
the  pressure  variation  along  the  floor. 

Figs.  3*6  to  3*1-0  show  the  variation  of  pitot  pressure  ratio  along 
the  exit  Mach  line"  (the  upward-running  Mach  line  inter secting  the  upper  con¬ 
tour  at  the  nozzle  end).  In  these  figures  the  difference  in  value  between 
adjacent  points  of  like  symbol  represents  the  average'  of  the  pitot-pressure 
ratio  changes  measured  between  Mach  lines  which  cross  the  exit  Mach  line  at 
the  height  shown.  The  points  at  the  ends  of  a  series  of  like  symbols  were 
not  given  as  much  weight  in  fairing  as  those  nearer  the  middle,  since  they 
represent  the  averages  of  only  a  few  measurements.  Data  from  floor  static- 
pressure  measurements  are  also  included  in  Figs  3.7  and  3,8,  converted  to 
pitot-pressure  ratio  variation  along  the  Mach  lines. 

..  The- Mach  number  variation  along  the  nozzle  exit  Mach  line  is  shown 
in  Fig.  3.11  for  each  of  the  nine  Mach  number  settings.  From  this  figure  the 
maximum  Mach  number  variation  within  a  test  rhombus  was  Obtained  as  a  function 
of  rhombus  axial  location,  for  each  nominal  Mach  number,  as  shown  in  Fig. 

3.12.  This  figure  shows  that  movement  of  the  test  rhombus  downstream  Of  the 
nozzle  exit  would  result  in  only  a  slight  improvement  of  the  flow  uniformity 
at  those  Mach  number  settings  where  the  flow  is  already  most. uniform.  The 
flow  at  the  least  uniform  Mach  number  settings  would  not  be  improved.  There¬ 
fore,  it  was  decided  to  present  the  flow  calibration  data  in  terms  of  a  test 
rhombus  at -the  nozzle  exit  in  order  to  keep  the  throat-to-test-rhombus  length 
as  small  as  possible. 


3.3  RESULTS 

3.3-1  Flow  Uniformity.— The  main  calibration  results  with  the  final 
contours  are  sunmarl zed  in  Fig.  3*^3  are  presented  in  greater  detail  in 
Figs.  3.11+  to  3*22*  Fig.  3.13  shows  the  maximum  plus  and  minus  deviations  of 
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Fig.  3.10.  M  =  3.84 

Pitot-pressure  ratio  distribution  along  exit 
Mach  line.  Atmospheric  stagnation. 


WADC  TR  55-88 


23 


(o )  Moch  number 


Fig.  3*22.  Mach  number  and  flow -angle  variation  along 
teat-rhombus  perimeter,  M  =  3.84. 
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Mach  number  or  flow  angle  from  the  average,  within  a  4-inch-high  test  rhombus 
centered  at  the  nozzle  exit  (end  of  curved  part  of  upper  contour).  For  this 
rhombus  the  horizontally  projected  throat-to -test-rhombus  distance  varies 
between  6.4  and  8.8  times  the  rhombus  height  of  4  inches  for  Mach  numbers  from 
about  1.5  to  4,0. 

As  shown  in  Fig.  3.I3,  the  Mach  number  deviation  from  the  average 
within  the  test  rhombus  is  less  than  +  0.9$  for  each  Mach  number  tested  in  the 
range  M  =  1.3  to  4.0.  The  flow  angle  deviation  is  less  than  +  0.5°  •  The 
highest  Mach  number  obtained,  due  to  mechanical  limitations  in  the  lower  block 
traversing  mechanism,  was  3*84,  but  the  trend  of  the  data  suggests  that  a  con¬ 
siderable  increase  in  Mach  number  might  be  realized  before  the  above  deviation 
limits  would  be  exceeded. 

Figs.  3.14  to  3.22  present  details  of  the  flow  along  the  edges  of 
the  test  rhombus  at  nine  Mach  numbers  from  1.27  to  3*84.  It  should  be  noted 
that  the  Mach  number  (or  flow  angle )  at  any  point  within  the  test  rhombus  can 
be  easily  determined  by  moving  any  of  the  edge  curves  (in  the  appropriate 
diagram)  parallel  to  itself  to  the  position  in  question,  keeping  the  ends  of 
the  curve  on  the  adjacent  edge  curves.  This  process  is  illustrated  in  Fig. 
3.18  where  the  Mach  number  ^deviation  at  point  D  is  determined. 

The  change  of  average  Mach  number  in  the  test  rhombus  with  lower 
block  axial  position  is  presented  in  Fig.  3.23  together  with  the  theoretical 
variation  based  on  the  measured  throat-to-test-section  area  ratios.  The 
slight  change  in  slope  of  the  theoretical  curve  at  M  *  1.44  is  caused  by  a 
shift  in  the  geometric  throat  position  at  this  Mach  number. 

Only  data  from  the  pitot  rake  tests  at  Mach  numbers  from  1.6  to  3.8 
appear  in  Fig.  3*23*  The  tests  at  Mach  numbers  1.27  to  1.51  gave  only  the 
relative  variation  of  Mach  number  within  the  test  rhombus.  For  these  lower 
Mach  numbers,  the  absolute  Mach  number  level  was  determined  from  Fig.  3.23. 

3*3*2  Reynolds 1  Number-Effect . — The  data  from  the  tests  at  stag¬ 
nation  pressures  of  from  2  to  6  atmospheres  are  presented  in  Fig  3*24.  Com¬ 
parison  of  the  plotted  points  with  the  solid  curve,  representing  the  atmos¬ 
pheric  pressure  results,  shows  that  the  difference  in  Mach  number  distribution 
in  the  test  section,  due  to  a  sixfold  increase  in  Reynolds'  number,  is  within 
the  measuring  accuracy. 

The  effect  of  Reynolds'  number  change  on  the  average  Mach  number 
within  the  test  rhombus  is  shown  in  Fig.  3*25*  Also  shown  on  this  figure  is 
an  extrapolation  to  zero  boundary-layer  thickness  by  means  of  one -dimensional 
theory.  (According  to  the  Tucker  method,  the  boundary -layer  thickness  is 
proportional  to  the  parameter  (1/Re)1/7). 
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Fig.  3.23.  Relationship  between  Fig.  3.24.  Mach  number  variation 

lower -block  axial  setting  and  along  exit  Mach  line  at  higher 

average  test-rhombus  Mach  Reynolds'  numbers, 

number . 


Fig.  3*2-5«  Effect  of  Reynolds'  number  on  average 
test -rhombus  Mach  number. 
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SECTION  4 


DISCUSSION 


4.1  RECOMMENDED  CONTOURS 

4.1.1  Nozzle  Coordinates. — The  final  faired  coordinates  listed  in 
Table  2.2  are  recommended  for  use  in  wind  tunnels  designed  for  the  Reynolds' 
number  range  of  the  present  tests.  These  recommended  contours  differ  from  the 
tested  contours  by  amounts  up  to  0.004  inches,  but  the  difference  is  such  that 
unnecessary  waviness  between  jacks  in  the  actual  nozzle  is  eliminated  in  the 
final  faired  coordinates.  It  is  therefore  believed  that  the  coordinates  of 
Table  2.2  should  give  flow  uniformity  as  good  as,  or  better  than,  that  of  the 
actual  nozzle  (Fig.  3.13). 

4.1.2  Contour  Tolerances. — The  analysis  of  Appendix  E  shows  that 
flow-angle  errors  greater  than  +  A ct  degrees  due  to  contour  defects  will  be 
avoided  if  the  coordinates  of  the  nozzle  are  accurate  to  within  +  0.02ACt 
inches,  and  if  certain  tolerances  on  short  wavelength  waviness  are  met. 

These  waviness  tolerances  can  be  stated  in  terms  of  the  reading  of  a  curva¬ 
ture  gage  of  the  type  shown  in  Fig.  2.4.  Such  a  gage  reads  a  value  G  in 
inches  given  in  terms  of  the  coordinates  as 

G  =  _ ftfL . 

Fir 

where  Ax  equals  the  distance  in  inches  between  the  center  contact  and  each 
of  the  two  outer  contacts  (the  gage  length,  lg),  Ay  is  the  change  in  y,  in 
inches,  associated  with  Ax,  and  A2y  is  the  difference  between  the  Ay's  of  the 
two  adjacent  Ax  intervals  spanned  by  the  gage  (second  difference).  For  a 
given  gage  length  and  nozzle  size,  the  correct  values  of  G  may  be  computed 
from  the  equation  and  the  coordinates  of  Table  2.2.  As  an  example,  values  of 
G  that  are  consistent  with  the  coordinates  of  Table  2.2  for  the  lower  contour 
of  a  nozzle  having  a  value  of  height  between  coordinate  axes,  h,  of  4.37 
inches  are  plotted  in  Fig.  4.1,  for  a  l/4-inch  curvature  gage  (lg  =  l/4  inch), 
and  for  a  1-inch  gage. 

If  the  readings  of  a  1-inch  curvature  gage  do  not  depart  from  the 
correct  values  computed  from  the  above  equation  by  more  than  +  0.014  Act 
inches,  then  the  test-section  flow  should  be  free  of  flow-angle  errors  greater 
than  +  Act  degrees  due  to  contour  defects  having  wavelengths  greater  than  1.55 
inches.  If,  in  addition,  the  readings  of  a  l/4-inch  curvature  gage  agree  with 
the  correct  values  to  within  +  0.004  Act  inches,  than  flov-angle  errors  due  to 
all  defects  having  wavelengths  greater  than  0.4  inches  will  be  less  than  +  Act 
degrees . 
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Fig.  4.1.  Curvature  gage  readings  of  lover  contour,  consistent  with 
the  faired  final  coordinates  for  a  nozzle  having  h  =  4.J7  inches. 


WADC  1?  55-38 


4.1.3  Scale  Effects. — The  faired  contours  given  in  Table  2.2  should 
produce  satisfactory  flow  for  nozzle  sizes  and  stagnation  conditions  repres¬ 
ented  by  .0228  <  b  Po/Tq1'-26  <.l60,  where  pQ  is  the  stagnation  pressure  in 
psia,  Tq  is  the  stagnation  temperature  in  degrees  Rankine,  and  h  is  the  verti¬ 
cal  distance  in  inches  between  coordinate  origins  of  the  two  blocks  (h  =  4.37 
inches  for  the  present  nozzle).  At  any  given  Mach  number  the  Reynolds'  num¬ 
ber  is  approximately  proportional  to  the  parameter  h  p0/T01,26  (assuming  the 
viscosity  p  =  p0 (T/T0 ) -76 ) .  For  the  above  range  of  this  parameter,  the  cor¬ 
responding  Reynolds'  numbers  based  on  h  are  Re  =  1.68  to  11.8  x  10s  at  M  =  1.27 
and  Re  =  .55  to  3.86  x  10s  at  M  =  3.84. 

For  combinations  of  stagnation  conditions  and  nozzle  size  outside 
the  above  range,  it  may  be  desirable  to  alter  the  contours  of  Table  2.2  to 
compensate  for  the  change  in  boundary -layer  thickness.  One  approximate  way 
of  doing  this  would  be  to  reduce  the  lower  block  y-values  and  increase  those 
of  the  upper  block  by  the  difference  between  boundary -layer  corrections  com¬ 
puted  at  the  old  and  new  Reynolds’  numbers,  for  some  arbitrary  Mach  number. 


4.2  FURTHER  POSSIBLE  IMPROVEMENTS 

From  the  trend  of  flow  uniformity  at  the  upper  end  of  the  Mach 
number  range,  as  shown  in  Fig.  3*13 »  it  appears  that  the  present  contours 
would  give  satisfactory  flow  at  Mach  numbers  somewhat  greater  than  4.0.  With 
some  further  refinement  of  the  contours  it  would  seem  possible  for  a  nozzle 
of  this  type  to  reach  the  threshold  of  the  hypersonic  regime. 

Improvements  in  the  performance  of  diffusers  used  with  sliding- 
block  nozzles  may  also  be  possible.  Some  tests  with  an  adjustable  diffuser 
(Appendix  F)  in  combination  with  the  present  nozzle  resulted  in  overall  pres¬ 
sure  ratios  of  about  the  same  magnitudes  as  those  obtained  with  fixed  geometry 
diffusers  on  symmetrical  nozzles. 


4.3  FLOW  MECHANISM 

/ 

An  attempt  is  made  to  arrive  at  a  simple  picture  of  the  flow  mech¬ 
anism  in  a  curved  nozzle  from  an  analysis  of , the  experimental  data  and  the 
contour  corrections  which  gave  the  most  uniform  flow  over  the  Mach  number 
range  investigated.  -  •  .  ... 

Most  of  the  usual  causes  for  nonuniformities  in  a  supersonic  nozzle 
have  been  minimized  in  the  construction  of  this  model.  There  are  no  junctures 
in  the  tunnel  walls  in  the  supersonic  region ,  and  the  contoured  surf aces  are 
extremely  smooth  and  free  from  local  manufacturing  defects;  the  deflections 
under  airloads  were  held  to  a  negligible  amount;  and  the  inflatable  seals 
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assured  the  absence  of  leakage.  Humidity,  effects  were  also  absent  due  to  the 
low  dev  points  used. 

The  nonuniformities  in  the  flow  with  theoretical  contours  may.. there¬ 
fore  be  an  indication  of  the  interactions  between  viscous  and  non-vis aous 
flow  regimes,  of  secondary  boundary-layer  flows  due  to  curvature,  and  of  other 
effects  which  cannot  be  predicted  by  available  theory.  An  explanation  of 
these  effects  is  obviously  involved  and  difficult  and  would  have  required 
detailed  probing  of  the  boundary  layers  on  all  four  walls  of  the  nozzle.  This 
was  not  possible  under  the  present  program  and  one  can  only  list  all  pertinent 
experimental  results  and  attempt  to  deduce  a  likely  flow  mechanism  which  will 
best  fit  the  results. 

Prom  an  evaluation  of  all  available  test  data,  the  following  general 
statements  can  be  made} 


a)  A  compression  region  originates  or  reflects  from  the  upper 
contour  just  upstream  of  the  nozzle  exit  Mach  line. 

b)  An  expansion  region  originates  or  reflects  from  the  lover  contour 
just  downstream  of  the  compression  region  described  above, 

e)  The  location  of  this  pair  of  compressions  and  expansions  with 
respect  to  the  exit  Mach  line  Is  independent  of  the  Mach  number  and  Reynolds' 
number  within  the  range  of  the  tests. 

d)  The  axial. length  Of  the  compression  region  increases  with 
increasing  Mach  number.  The  overall  strength  remains  approximately  constant 
at  the  higher  Mach  .numbers  and  decreases  with  lower  Mach  numbers. 

e)  A  downward  f-iov  exists  in  the  sidewall  boundary  layer,  which 
appears  to  be  moat  pronounced  near  the  center  of  the  simple  wave  flow  region 
of  the  nozzle. 

f)  A  lateral  flow  towards  the  vertical  plane  of  symmetry  exists 
on  the  lower  nozzle,  which  increases  as  the  nozzle  exit  is  approached. 

g)  The  application  of  boundary -layer  displacement-thickness 
corrections  to  the  theoretical  nozzle  contours  reduced  the  strength  of  the 
oon^resaion  disturbances  somewhat. 

h)  Reduction  of  the  strength  of  the  compression  disturbances  to  an 
acceptable  value  was  accomplished  in  the  final  contours  by  introducing  a  local 
slope  change  in  the  upper  contour  just  upstream  of  the  nozzle  exit  Mach  line. 

The  following  crude  flow  mechanism  is  believed  to  be  consistent  with' 
the  results} 
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The  curvature  of  the  flow  in  the  nozzle  gives  rise  to  a  centri¬ 
petal  pressure  gradient.  This  pressure  gradient  extends  into  the 
sidewall  boundary  layers  and  causes  a  boundary-layer  cross -flow 
tovard  the  lover  contour  which,  in  turn,  leads  to  a  oross  flow  in 
-j-Vio  f* 2.0 oz*  "bOLino^jr^7  -"tovs-ri  i  pLsns  cf  sysx ry »  Tiis  “coulu 

is  a  gradual  secondary  thickening  of  the  floor  boundary  layer 
beyond  its  normal  two-dimensional  growth.  The  cross -flov  pattern, 
observed  with  the  china  clay  technique,  indicates  that  the  rate  of  - 
secondary  thickening  of  the  floor  boundary  layer  should  reach  a 
maximum  just  upstream  of  the  exit  Mach  line.  As  soon  as  the  flow 
in  the  nozzle  is  straight,  however,  the  cross  flov  effects  begin 
to  diminish  and  the  secondary  thickening  of  the  floor  boundary 
layer  gradually  approaches  zero. 

The  general  location  of  this  secondary  thickening  of  the 
f lcor  boundary  layer  will  be  the  same  for  all  Mach  numbers .  As 
the  Mach  number  increases,  however,  the  increased  boundary -layer 
thicknesses  on  the  sides  will  lead  to  a  larger  oross  flov,  which  , 
in  turn  will  spread  the  secondary  thickening  on  the  floor  over  a 
larger  region. 

The  mechanism  described  above  appears  to  be  the  most  likely  cause 
for  the  experimental  results  noted,  The  Local  compression  region  observed  is 
then  caused  by  the  increasing  slope  portion  of  the  secondary  boundary -layer 
thickening.  An  expansion  region  follows  this  compress ion;  it  starts  at  the 
maximum  slope  point  of  the  secondary  thickening  and  extends  over  the  decreas¬ 
ing  slope  region  until  the  secondary  thickening  disappears.  The  expansion  is 
spread  ever  a  greater  distance  so  that  the  local  strength- of  its  waves  which 
travel  into  the  test  section  is  less  pronounced  and  well  within  the  acceptable 
level  of  disturbances  in  the  flow.  - 

The  compression  occurs  Just  upstream  of  the  exit  Mach  line,  is  trans¬ 
mitted  parallel  to  it  to  the  top-  surface,  and  then  reflected  into  the  test 
section.  Changing  the  slope  Of  the  upper  contour  in  the  region  of  reflection 
of  this  compression  resulted  in  an  appreciable  reduction  of  this  disturbance. 


SECTION  5 
CONCLUSIONS 


1.  A  sliding-block  variable  Machnuaher  wind-tunnel  nozzle  for  the 
Mach  number  range  1.5  to  4.0  has  been  developed,  by  means  of  iterative  charac¬ 
teristic  theory  'with  experimental  corrections.  Calibration  of  the  flov  in  this 
nozzle  has  revealed  the  following: 
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a)  The  Mach  mother  deviation  from  the  average  vithin  a  test,  rhombus 
is  less  than  +  0.9$  throughout  the  Haoh  number  range  l.Jto  4.0. 

b)  In  this  range  the  flow  angle  deviation  from  the  average  within  a 
test  rhoribus  is  less  than  +  0.5*. 

c)  The  horizontally  projected  throat -to -test  rhombus  center  distance 
is  3,8  times  the  test  rhombus  height  at  the  highest  Mach  number, 

d)  A  six -fold  increase  in  Reynolds'  number  has  negligible  effect  on 
the  flow  uniformity. 

e)  The  overall  pressure  ratios  required  to  run  the  nozzle  with  an 
adjustable  diffuser  are  about  the  same  as  those  required  by  symmetrical 
nozzleB  with  fixed  diff 'users. 

2.  An  economical,  general  purpose,  variable  Mach  number  supersonic 
nozzle  can  be  designed  from  the  material  of  this  report  provided  the  length 
of  the  nozzle  can  be  accomaodated. 

5.  The  nozale  appears  suitable  for  the  simulation  of  time -variable 
Mach  number  conditions . 

k.  Additional  work  on  this  nozzle  could  lead  to  an  extension  of  the 
hfech  number  range  into  the  hypersonic  and  transonio  regimes. 


WA DC  TR  55-38 


55 


SECTION  6 


REFERENCES 


1.  .Allen.  ff.  .Ttillan/  The  Asyssctrlo  Aujuanabie  supersonic  Nozzle  for  Wind 
Tunnel  Application.  NACA  TN  2919*  March  1953 « 

2.  Syvertson,  Clarence  A.  and  Savin,  Raymond  C.  The  Design  of  Variable  Mach 

Number  Aay^^trlc  Supersonic  Nozzles  by  Tvo ■ Procedures  Employing  Inclined 
and  Curved  Sonic  Lines.  NACA  TN  2922.  March  1953.  - 

3.  Burbank,  Paige  B.  and  Byrne*  Robert  W.  The  Aerodynamic  Design  and  Cali¬ 
bration  of  an  Asymmetric  Variable  Mach  Number  Nozzle  with  a,  Sliding  Block 
for  the  Mach  Number  Range ,  1.27  to  2.75.  NACA  TN  2921.  Apbil  1953. 

4.  l&irphy,  J.  S.  and  Buning,  H.  ThBory  and  Design  of  a  Variable  Mach  Number 
Comer  Nozzle .  University  of  Michigan,  WM  221.  April -December  1951* 

5.  Llepman,  H.  P.  An  Analytic  Design  Method  for  a  Ttfo -Dimensional  Asymmetric 
Curved  Nozzle.  University  bf  Michigan,  June  1955. 

6.  Liepman,  H.  P.,  Murphy,  J.  S.  and  Nourse,  .J,  H.  A  Hays  leal  Description  of 
a  Variable  -Mach -Number  4- -by  4 -Inch  Pilot  Comer,.  Nozzle .  University  of 
Michigan.  VTM  246.  Deceiver  1953* 

7.  Fashbaugh,  R.  H.  Supersonic  Wind  Turner  Q-Inch  Schlieren  System  Operation 
and  Maintenance  Manual.  University  of  Michigan.  WTM  243.  May  1954. 

8.  Haefeli,  Rudolph  C.  Use  of  Fences  to  Increase  Uniformity  of  Boundary  Layer 
•-  on  Side  Walls  of  Supersonic  Wind  Tunnels.  NACA  RM  E52E19.  July  1952. 

9.  Tucker,  Maurice.  Approximate  Calculation  of  Turbulent  Boundary  Layer  Devel 
'  opaePt  Ip  Compressible  Flov.  NACA  TN  2357.  April  1951. 

10.  Oieseler,  L.  P.  Continuous  Recording  of  Pressures..,for  Supersonic  Wind 
Tunnel  Calibration.  NAVOKD  Report  No.  2744.  1953= 


WADC  TR  55-88 


35 


AF5EW2X  A  ' 

DESIGN  DETAILS- -CP -FLEXIBLE  PLATE  Arm  JACKB 


A.l  INTRODUCTION 

The  aerodynamic  requirements  for  the  nozzle  are  given  in  Reference 
4.  Reference  6  gives  a  brief  description  of- the  experimental  equipment  which 
was  fabricated  for  the  evaluation  of  this  type  of  super sonic  nozzle.  In  addi¬ 
tion  to  these  references,  a  more  specific  discussion  of  the  design  and  perform¬ 
ance  of  the  flexible  plate  portion  of  the  corner  nozzle  is  given  here. 


A  .2  THE  DESIGN  PROBLEM 

The  following  major  considerations  were  involved  in  the  design  of 
the  flexible  plates 

(a)  The  flexible  portion  of  the  nozzle  was  to  be  made  from  a 
smoothly  machined  flat  plate  by  bending  it  to  the  desired  contours,  and 
holding  it  there  with  Jacks,  which  had  to  be  capable  of  introducing 
specified  small  contour. perturbations.  The  perturbation  requirement  was 
specified  to  allow  for  contour  corrections  due  to  viscous  effects, 
deviations  from  two -dimensional  flow,  and  shortcomings  of  theoretical 
predictions. 

(b)  The  position  and  number  of  Jacks  had  to  be  chosen  so  that  the 
flexible  plates  could  be  controlled  to  the  specified  contours  and  contour 
perturbations  within  +  0.002  inches. 

(c)  The  maximum  stresses  in  the  plates  due  to  initial  bending,  air¬ 
loads,  temperature  effects,  and  thrustloads  were  not  to  exceed  about  one- 

,  ,_,half  of  this  yield  point  of  the  material. 


A. 3  THE  DESIGN  PROCEDURE 

The  design  and  fabrication  of  the  comer  nozzle,  including  the  flex¬ 
ible  plates,  was  subcontracted  to  the  Wind  Tunnel  Instrument  Company  of  Boston, 
Massachusetts.  The  specif ications  for  this  work  are  given  in  Appendix  A  of 
Reference  6.  The  analysis  of  the  problem  by  the  subcontractor  is  contained  in 


WADC  TR  55-38 


37 


a  report  by  H.  L.  Alden,  entitled  "Flexible  Plate  Design  for  the  University 
of  Michig&n  4"  x  4"  Supersonic  Wind  Tunnel  Test  Section,"  dated  November  1952. 
This  report  is  on  file  at  the  offices  of  the  Wind  Tunnel  Instrument  Company. 

The  following  is  a  brief  outline  of  the  design  procedure,  which  has  led 
to  a  highly  satisfactory  end  reliable  flexible-plate  nozzle. 

(a)  The  jack  spacing  and  plate  thickness  were  approximately 

determined  so  that,  the  Reflections  under  airloads,  were  within  specified 
limits.  -  -  .  - 

(b)  The  jack  spacing  was  also  approximately  determined  by  consider¬ 
ing  the  bending  requirements  of  the  plate;  the  specified  curvature  of 

the  contour  was  approximated  by  straight  lines  between  jacks  to  provide 
a  M/EI-diagram  as  first  approximation. 

-  ...  (c)  The  approximations  of  steps  (a)  and  (b)  lead  to  a  nominal  plate 

thickness  of  l/k  inch. 

(d)  The  yield  stress  safety  factor  of  two  indicated  that  the  thick¬ 
ness  of  the  lower  plate  had  to  be  decreased  in  the  highly  curved  (upstream-) 
region. 

(e)  The  jack  spacing  was  now  finalized  by  assuming  a  constant  thick¬ 
ness  plate,  selecting  tentative  jack  stations,  and  fitting  between  them 
curves  whose  bending  moment  (and  hence  second  derivative)  are  linear 
between  stations.-  This  is  equivalent  to  an  ordinate  curve  which  is  a 
cubic  in- x  and  matches  the  contours  specified.  Each  span  will  have"a 
different  cubic  while,  across  the  jacks,  each  cubic  must  be  continuous 

up  through  the  second  derivative;  the  third  derivative  is  discontinuous, 
corresponding  to  jumps  in  the  shearing  force. 

A  trial -and -error  procedure  was  carried  out  with  a  cubic  of  the 
form  y  =  A+3x  +  (C/2)x^  +  (D/^x3  for  each  span.  The  constants  A,  B, 
and  C  are  determined  by  the  end  conditions  of  one  end  of  each  span,  while 
D  is  determined  by  conditions  at  the  other  end  of  the  span  (whose  length  - 
is  not  yet  known). such  that  ordinate,  slope,  and  curvature  are  consistent 
and  proper.  For  the  first  span  in  each  plate,  different  values  of  D  and 
x  must  be  tried  until  all  conditions  are  met.  Subsequent  spans  require 
only  trials  on  D.  If  no  satisfactory  match  could  be  obtained,  the  con¬ 
stants  of  the- neighboring  spans  had  to  be  considered  -and:even  readjusted. 

.  In-  this  manner  the  jack  stations  were  determined  for  both  flexible 
plates. 

(f)  A  similar  trial -and -error  procedure  was  used  to  determine  the 
jack  adjustments  needed  to  satisfy  the  requirements  of  the' perturbation 
bending  of  the  plates. 

WADC  TR  55 S8 


33 


(g)  The  constants  of  the  oubics  of  the  final  design  curves  are 
related  to  bending  ncment  (Mb),  shear  (V),  and  stress  (S)  in  the  plate, 
through  the  folloving  obvious  relations: 


ii>« 

U 


El 


(1 


(A-i) 


V  - 

S  - 


Xl  -  V2) 

Et ,  . 

2(1  -  v2)  ix2 


(A-e) 


(A  -3) 


vhere  v 
t 
I 
E 


Poisson's  .Ratio 

plate  thickness 

moment  of  inertia  of  plate 

Young's  modulus 


(h)  Finally,  the  plate  thickness  in  the  three  upstream,  spans  of  the 
lover  plate  had  to  be  reduced  to  bring  the.stres6  level  to  an  acceptable 
value.  This  vas  done  by  retaining  the  original  design ‘curve  as  repre¬ 
sented  by  the  constants  A,  B,  C,  and  D  in  the.  three  spans  and  by  readjust¬ 
ing  the  moments,  reactions,  and  thickness  (dr  moment  of  inertia  l)  in 
such  a  way  that  all  compensate  each  other  as  far  as  deflections  are  con¬ 
cerned,  while,  at  the  same  time, "reducing  the  stress  in  these  sections  to 
the  desired  level.  This  procedure  led  to  a  nearly  linear  variation  in 
thickness ,  vhich  vas  very  fortunate  from  a  manufacturing  standpoint  but 
vas  due  to  circumstances,  not  to  special  design  practice.  The  thickness 
variation  of  the  lover  plate  is  shown  in  Fig.  A.  1.  The  upper  plate  has 

a  constant -thickness  of  l/k  inch. 

(i)  Deflections  due  to  airloads  and  shears  were  checked  and  found 
to  be  within  the  specified  limits. 


The  plate  stresses  due  to  temperature  differentials  and  thrust  loads 
were  checked  and  found  to  be  negligible. 


The  major  results  of  the  flexible  plate  design  are  given  in  Figs. 
A.l  and  A. 2.  Shown  are  the  geometry  of  the  plates  with  their  Jack  spac¬ 
ing,  the  curvature  distribution  as  designed  and  as  specified,  the  bend¬ 
ing  -to  -contour  stresses  calculated  and  measured  with  strain  gages  during 
the  initial  assembly  of  the  plates,  and  the  deviations  from  specified 
ordinates  as  measured  by  a. height  gage  after  initial  assembly. 

The  flexible  plates  vere  made  from  Vulcan  Kecia  Steel,  SAE  6150, 
heat-treated  to  a  yield  point  of  about  l4o,GOO  psi.  All  aerodynamic 
surfaces  vere  ground. 
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A.k  JACK  ATTACHMENT  DESIGN 

The  design  of  the  flexible  plate  was  carried  out  under  the  assumption 
that  the  jack  attachments  introduce  only  forces  which  are  normal  to  the  plate. 
This  is,  of  uOuioe ,  'n ig’n ij  Idealized,  stud  one  musn  assume  that  some  moment 
reaction  is  set  up  at  a  jack  attachment  due  to  the  confined  loadings  of  bend¬ 
ing,  air  loads,  temperature  differential,  perturbation  bending,  and  manufactur¬ 
ing  eccentricities.  Thus,  the  question  arises  as  to  how  much  of  a  stray  moment 
can  be  tolerated  at  the  jack  points.  To  gain  an  approximate  answer  to  this 
question,  a  simplified  section  of  the  flexible  plate  with  three  jack  points  was 
analyzed,  as  sketched  in  Fig.  A. 3.  A  concentrated  jack  moment  at  the  center 
support  was  calculated,  assuming  negligible  support  moments  at  the  end  support, 
and  a  maximum  deflection  of  0.001  inch  in  the  spans ._  This  moment  was  found  to 
be  300  in. -lb.  On  the  basis  of  this  calculation,  a  maximum  allowable  stray 
moment  of  100  in. -lb  was  conservatively  specified.  > 

The  design  of  the  jack  attachment  was  conditioned  by  the  decision  to 
employ  a  small  tang,  machined  integrally  with  the  plate  stock,  to  avoid  local 
changes  in  material  properties  and  nonuniformities  in  the  plate,  and  to  relieve 
moments  through  flexure  of  the  tang.  To  reduce  as  much  as  possible  the  need 
for  bending  of  the  tang,  a  jack  support  system  was  selected  which  has  a  pin 
Joint  at  its  lower  end.  A  schematic  of  the  final  configuration  is  shown  in 
Fig.  A. 4  and  the  detail  of  the  tang  in  Fig.  A. 5, 

The  calculated  performance  of  this  design  is  well  within  the  desired 
limits  under  extreme  conditions  of  loading;  for  a  typical  Jack  with  a  Jack 
length  (lj)  of  4  inches,  a  tang  length  (l)  of  l/8  inch,  tang  thickness  (t) 
of  l/32  inch,  and  tang  width  of  4  inches,  the  support  moments  and  stresses  in 
the  tang  are  as  follows : 

Loading  Support  Moment  Tang  Stress 

in. -lb  psi 


(L)  Temperature 
differential 
(.01 -in.  plate-vise 

motion)  5*6  5,600 

(2)  Jack  load  of 

1500  lb  .3  12,000 

(3)  Perturbation 

ben/ling  22.1  34,000 


Total  of  loads ' 

(1)  +  (2)  +  (3)  28*0  54,600 
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The  actual  performance  of  the  'jack -and -plate  assembly  under  severe 
operating  conditions  has  indicated  no  noticeable  deflection  at  the  supports, 
nor  has  there  been  any  structural  failure. 


APIENDIX  B 
NOZZLE  SEALS 


Atmospheric  air  vas  prevented  from  leaking  into  the  aerodynamic 
channel  hy  inflatable  seals  made  of  Ehason  black  rubber  tubing  with  1/8-inch 
inside  diameter  and  l/32-inch  vail  thickness  placed  in  strategically  located 
grocves.  Proper  functioning  of  these  seals  vas  tested  by  evacuating  the 
tunnel  to  about  one  inch  of  mercury  absolute  pressure,. and  increasing  the  seal 
pressure  until  the  noise  caused  by  leakage  stopped.  The  seal  pressure  neces¬ 
sary  for  effective  sealing  vas  found  to  be  JO  psi  for.  the  nozzle  seals,  aha'— =- 
60  psi  for  the  diffuser,  due  to  the  existence  of  Bomevhat  larger  grooves  in 
the  diffuser.' 

Considerable  difficulty  was .experienced  vith  seal  longevity.  The 
seals  failed  twice  by  being  pinched  and  punctured  in  the  narrow  gap  between 
the  lower  block  and  the  side  walls,  during  translation  of  the  lower  block. 

It  was  finally  found  that  the  seal  life  could  be  greatly  increased  by  lubri¬ 
cation  with  a  silicone  type  of  vacuum  grease. 


AFFEffiBC  C 

-  MOVING  PROSE  TECHNIQUE 


Early  in  the  flow  evaluation  tests  with  the  original  contours,  the 
moving  probe  technique  vas  tried  as  a  means  of  obtaining  a  maxi  mum  of  data 
per  run.  This  technique  consisted  of  recording  pressures  on  a  pitot  probe 
rake  which  vas  traversed  axially  or  vertically  during  a  run.  The  pressures 
were  sensed  by  pressure  capsules  containing  Sc haevit 2 .transformers ,  and 
recorded  on  a  Sanborn  recorder.  (See  Reference  10  for  a  description  of  a 
similar  technique.) 

Tests  vith  the  moving  probe  shoved  no  steep  pressure  gradients  such 
as  would  be  caused  by  shock  waves.  This  result  is  also  confirmed  by  the  lack 
of  visible  disturbances  in  sehlieren  pictures.  The  absence  of  shock  waves  is 
attributed  to  the  fact  that  there  are  no  Junctures  in  the  supersonic  part  of 
the  nozzle,  and  that  the  contours  have  a  minimum  of  short-length  waviness. 
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After  these  traveling  probe  tests  had  been  begun,  it  was  realized 
that  pressure  data  taken  along  the  horizontal  centerline  of  a  tunnel  do  not 
reveal  the  characteristics  of  the  flow  unless  the  flow  is  symmetrical  about 
the  horizontal  center  plane.  In  an  asymmetrical  two-dimensional  tunnel  the 
most  significant  data  is  that  taken  along  the  Mach  lines  or  along  the  floor  or 
ceiling  (see  Appendix  D).  The  traveling  probe  method  was  therefore  supplanted 
for  the  rest  of  the  tests  by  either  point -by-point  probing  along  Mach  lines  or 
floor  static -pressure  measurements,  since  the  probe  mechanism  was  not  easily 
traversed  along  Mach  lines. 


APPENDIX  D 

/ 

ANALYSIS  OF  TWO  DIMENSIONAL  TEST  SECTION  FLOW 
BY  LINEAR  THEORY 


In  calibrating  a  supersonic  wind  tunnel,. it  is  desirable  to  obtain 
information  about  the  flow  at  every  point  of  the  test  section  without  having 
to  make  an  excessive  number  of  measurements.  One  way  of  reducing  the  number 
of  measurements  required  would  be  to  use  the  method  of  characteristics  to 
determine  the  flow  properties  at  any  point  in  the  flow  from  measurements  made 
along  a  single  line.  However,  the  flow  in  a  wind-tunnel  test  section  Is  so 
nearly  uniform  that  the  method  of  characteristics  may  be  linearized  with  little 
loss  of  accuracy.  The  linearized  theory  is  used  below  to  derive  a  rapid  method 
of  determining  the  test-section  flow  properties  from  a  limited  number  of 
measurements . 

The  basic  simplification  introduced  by  the  linear  theory  is  that  the 
compression  and  expansion  waves  producing  the  small  disturbances  from  uniform  - 
ity  are  everywhere  straight  and  inclined  to  the  axis  of  the  channel  at  the 
same  angle,  which  is  the  Mach  angle  corresponding  to  the  average  Mach  number 
of  the  flow.  This  assumption  will  be  quite  close  to  the  truth  in  a  wind- 
tunnel  test  section,  where  the  Mach  number  variation  is  usually  of  the  order 
of  +  1$.  (A  1$  change  in  Mach  number  would  give  less  than  1°  change  In  the 
direction  of  a  Mach  line  at  M  =  1.4,  and  much  less  at  higher  Mach  numbers.) 

It  will  also  be  assumed  that  the  flow  is  two-dimensional  and  inviscid,  and 
that  the  channel  has  straight  walls,  not  necessarily  parallel. 

Suppose  the  direction  of  the  flow  at  every  point  on  a  Mach  line  ab 
is  known  (see  Sketch  l).  Any  deviation  of  flow  direction  from  that  which 
exists  at  a  can  be  considered  to  result  from  weak  expansion  or  compression 
waves  crossing  ab.  Then,  with  the  assumption  that  all  these  weak  waves  run 
at  the  average  Mach  angle,  and  supposing  the  channel  to  have  straight  walls, 
the  flow  direction  at  any  other  point  in  the  channel  can  be  easily  determined. 
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Sketch  1 

Referring  to  Sketch  1,  it  can  be  seen  that  the  flow  angle  Q  (the  angle  between 
a  fixed  reference  line  and  the  flow  direction)  at  any  pointed  between  Mach 
line  ab  and  its  reflection  ba'  is 

©d  “  ©f  +  (©c  •  ®e) 

since  the  sane  Mach  waves  cross  ec  as  cross  fd.  Bow  0a  *  since  at  the  vail 
the  flow  must  be  in  the  direction  of  the  wall.  Thus 

©d  -  ©a  +  ©c  -  ©e  0-D  I- 

Similarly,  for  a  point  dT  between  the  first  reflection  ba!  and  the  second 
reflection  a'b' 


©d'  ■  ©g  +  (^3  -  ©c)  +  (Oe'  1  -  6a') 

_  ■  ©a  +  (©b  “  ©c)  +  t©e  -  ©a) 

-  »b  +  ©e  "  ©c  0“2) 

The  flew  angles  repeat  after  the  second  reflection.  Thus  the  flow  direction 
at  any  point  in  the  flow  may  be  easily  founo.  from  the  flow  angle  distribution 
along  a  Mach  line. 

If  only  small  changes  in  Mach  number  are  considered,  the  Mach 
.number  variation  along  a  Mach  line  can  be  taken  proportional  to  the  flow  angle 
variation,  in  accordance  with  linear  theory.  Thus ,  with  reasoning  similar  to 
that  used  above,  it  is  seen  that  the  Mach  number  at  any  point  d  is 


VADC  TO  55  -68 


45 


Hi  -  Me  +  (Mf  -  Me)  /.  ; 

-  Ms  +  (Me  -  M*)  j 

-  Ma  +  (M  -  Ma)  +  (Me  -  Ma)  (B-3)  '  j 

J 

A  similar  formula  holda  for  a  point  d'  at  the  intersection  of  any  nusber  of  | 

reflections  of  the  Mach  lines  through  c  and  e,  j 

The  Mach  number  distribution  along  the  floor  or  ceiling  of  the  -  .< 

channel  is  found  from  the  above  formula  to  be  l 


Mf  -  Ma  +  2(Me  *  M^)  (B“4) 

This  formula  can  be  rearranged  to  give  the  variation  of  M  along  a  Mach  line 
once  the  vail  distribution  is  known .  Thus  the  test -section  flow  can  be  com¬ 
pletely  ^determined  from  static  pressure  distribution  along  a  length  of  floor 
or  celling  eq.ua!  to  the  distance  ab'  if  the  stagnation  pressure  is  kncvn. 

It  should  be  noted  that  the  variation  of  Mach  number  along  a  Mach 
-line  is  the  same  along  every  reflection  of  that  Mach  line.  The  Mach  number  at 
any  point  e'  of  ba<  (Sketch  l)  vlll  differ -from  that  at  b  by' the  sans  amount 
as  the  corresponding  point  e  of  ab  differs  from  a.  Thus  the  vavelength  of 
the  Mach  number  variation  along  a  Mach  line  is  the  distance  between  channel 
vails  along  a  >fach  line.  If  the  vails  diverge  or  converge  slightly,  the  Mach 
number  at  any  point  of  ba'  will  differ  by  a  constant  from  that  of  the  cor¬ 
responding  point  of  ab. 

The  maximum  variation  in  Mach  number  within  a  test  rhombus,  vhich  is 
of  Interest  in  wind-tunnel  calibration,  can  be  determined  directly  from. the' 
Mach  ruaber  variation  along  a  Mach  line.  If  the  rhombus  is  bounded,  on  one  side 
by  the  known  Mach  line  (ab  in  Sketch  2),  then  the.  most  upstream  point,  p,  of 
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the  rhombus  divides  ab  into  two  halves .  Equation  (D-j)  n an  then  be  expanded 
to  give  the  Mach  number  at  any  point  fi  in  the  rhombus  in  terns  of  the. Mach 
number  variation  in  these,  two  halvas,  ap  and  pb.  Thus, 

'  Md  -  Mp  +  (Me  -  Mp)  +  (Me  -  Ms)  (0-5) 

The  highest  Mach  nuaber  in  the  rhombus  will  be 

^^nax  “  +  (^^oaxp^  “  Mp)  *  (Hnax^p  "  Ma)  (0”6) 

-where  Hn&XaP  and  M  aaxph  are  the  maximum  Mach  numbers  in  the  first  and  second 
halves  of  aos  respectively .  Similarly, 

Hnin  ■  Mp  +  (^fiinp'b  “  Mp)  +  (Hairtgp  “  Ma)  (0-7) 

The  extreme  variation  of  Mach  number  within  the  rhombus  can  be  written  by 
combining  (D-6)  and  (D-7),  as 

AM  *  Hnc  v  -  Hwtn 

*  ^i^aax  “  %in)ap  +  (Moax  “.Mmin)p'b  (0-8) 

Thus  the  extreme.  Mach  nuaber  variation  AM  in  the  rhombus  is  the  sum  of  the 
extreme  variations  in  the  two  halves  of  the  Mach  number  distribution  along  a 
Mach  line.  This  value  of  AM  must  be  greater  than  one,  but  less  than  two, 
times  the  Mach  nuaber  variation  along  a  Mach  line. 

If  the  Mach  number  distribution  is  not  known  adong  a  line  coinciding 
with  one  side  of  the  desired  test  rhombus,  it  can  be- easily  found,  as  shown  in 
Sketch  3,  where  ab  is  the  known  Mach  line  and  fh  is  a  line  along  the  desired 
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rhombus,-  The  variation  in 'Mach  number  along  fe'  will  be  the  same  as  that 
along  eb  since  the  same  expansion  or  compression  waves  Oibct,  these  lilies.  The 
variation  along  e'h  will  be  the  same  as  that  along  be’  or  ae,  for  the  same 
reason. 

A  diagram  shoving  how  the  magnitude,  of  AM  varies  as  the  rhombus  loca¬ 
tion  is  shifted  along  the  tunnel  axis  can  be  easily  constructed.  For  this  pur¬ 
pose  the  extreme  1-fach  number  variation  AMp^jm-in  tha  general  rhombus  phlm  of 
Sketch  5  t an  be  written,  using  equation  (5-3),  as 

^phlm  *  Haaxfp  "  Mainfp  +  J’feaxpfc  “  %inpb 

■  Mcsaxek  "  Hninek  +  Mnaxkbe'  “  Hninjcbe ' 

(Note  that  the  variation  of  Mach  number  along  ph  is  the  same  as  that  along 
kbe '  ,  since  the  same  Mach  waves  cress  corresponding  points  of  both  lines.  The 
Mach  numbers  along  be '--equal  boose  at  corresponding  points  of  ae,  with  the 
addition  of  the  constant  (M^  -  Ma).)  This  can  be  expanded  to 

AMp'hlm  “  (Hfc,  *  Ha)  +.;(Me  -  Mmiwek)  +  (Mk  -  Hsinj^gi  ) 

+  <>Wek  •  +  (Hnaxj£be ,  -  Mb  -  **>  +  Mb) 

-  -  Mg)  +  (Mg  -  Mminfik)  +  (Mfc  -  Hninkbe,  ) 

■  '■+i-(Mnaxek  ’  Hk)  +  (Mnaxkbe.  “  ' '  (C-9) 

In  Sketch  3  and  equation  (Dr 9)  the  points  a  and  b  are  fixed  at  the  end*  of  the 
known  Mach  line.  The  other  points  move” with  respect  to  a  and  b  as  the  rhombus 
location  is  varied.  Thus,  the  first  term  on  the  right  side  of  equation  (D-9) 
is  a  constant,  and  the  other  four  are  functions  of  rhombus  position. 

A  convenient  method  for  evaluating  the  variable  terms  in  equation 
(D-9)  is  illustrated  in  Sketch  4.  The  heavy  line  in  part  (a)  of  this  figure 
represents  a  typical  distribution  of  Mach  number  along  a  Mach  line  from  floor 
to  ceiling  (ab  in  Sketch  3)  and  its  reflection  to  b 1 .  The  shaded  areas  below 
the  heavy  curve  in  Sketch  4(a)  are  generated  by  sliding  the  curve  to  the  left 
a  distance  equal  to  half  of  abj  those  above,  by  sliding  to  the  right.  It  is 
seen  that  the  Mach  number  difference  between  the  heavy  curve  at  point  e  and 
the  bottom  of  the  shaded  area  at  that  point  is  equal  to  (Me  -  MnHW  .  ).  Simi¬ 
larly,  the  last  three  terms  of  equation  (3>9)  are  represented  in  sletch  4(a) 
by  the  height  of  the  shaded  area  below  the  curve  at  k,  above  the  curve  at  k, 
and  above  the  curve  at  e1,  respectively.  Note  that  the  height  of  shaded  area 
above  the  curve  at  e1  is  the  same  as  that  at  e,  so  that  the  sum  of  the  four 
variable  terms  of  equation  (D-9)  is  represented  by  the  sum  of  the  Mach  number 
differences  between  top  and  bottom  of  the  shaded  areas  at  e  and  k.  Thus,  for 
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any  rhombus  position, this  four  variable  terms  of  equation  (D-9)  equal  the  sum 
of  the  vertical  thicknesses  of  shaded  area  at  two  abscissas  of  Sketch  4(a) 
spaced  a  distance  apart-  equal- to  half  of  ab. 

Sketch  4 '(b)  shovs  kov  the  total  Mach  number  variation  AM  is  obtained 
from  Sketch  4(a)  by  adding  the  shaded  areas  to  the  overall  Mach  number  gradient 
For  any  given  rhomb ua  location  (abscissa  of  Sketch  4)  the  top  curve  of  Sketch 
4(b)  shovs  tha  value  of  the  sum  of  the  2nd  and  5th  terms  of  equation  (D-9). 

The.. nei-ct-  two  curves  represent  the  sum  cf  the  jrd  and  4th  terms , and  the  1st 
term,  respectively.  The  bottom  curve  represents  the, total  Mach, number  varia¬ 
tion  AM  as  the  sum  of  the  ordinates  of  the  ocher  three  curves. 

The  application  of  this  type  of  analysis  to  real  flows  introduces 
two  additional  sources  of  error  i  (l)  the  flow  may  not  be  exactly  two-dimen¬ 
sional,  and  (2)  the  disturbance  waves  reflect  not  from  the.  vails  but  from  the 
boundary  layers.  This  second  effect  may  be  at  least  partly  compensated  for 
by  considering  the  waves  to  reflect  fresn  an  appropriate  part  of  the  boundary 
layer. 

•Summary >  The  flow  in  a  wind-tunnel  test  section  can  be  determined 
by  static -pressure  measurements  along  the  floor  or  ceiling,  or  by  Mach  number 
or  flow-angle  measurements  along  a  Mach  line,  (if  the  flow  is  symmetrical 
Mach  number  measurements  along  the  centerline  are  sufficient. )  The  greatest 
difference  in  Mach  nunfcer  within  a  test  rhombus  can  be  easily  determined  as  a 
function  of  rhombus  location.  This  difference  must  be  greater  than  one-half, 
hut  leas  than  one,  times  the  Mach  number  variation  along  two  rhombus  lengths 
of  the  floor  or  ceiling.  The  analysis  does  not  consider  errors  due  to  non- 
tvo  -dimensional,  flow  or  boundary  layer  modification  of  disturbance  wave 
strength. 


'  APPENDIX  E 
CONTOUR  TOLERANCES 


The  effect  of  a  contour  defect  on  the  test -section  flow  can  be 
conservatively  approximated  by  assuming  that  the  expansion  and  compression 
waves  arising  from  the  defect  do  not  interact  with  the  boundary  layers  or  with 
themselves.  Then  the  angular  deviations  of  the  manufactured  contour  from  the 
specified  curve  will  be  propagated  directly  into  the  flow  as  changes  in  local- 
flow  angle, which  will  follow  the  Mach  lines  into  the  test  section.  If  the 
teat-section  flow-angle  deviations  due  to  nanufacturing  errors  are  to  be  kept 
below  a  certain  value,  A a,  then  the  deviations  in  slope  of  the  contour  from  a 
emooth  curve  faired  through  the  specified  values  must  also  be  less  than  A a. 
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■Where  deviations  of  Mach  number  or  static  pressure  in  the  test  section  are  of 
greater  interest  than  are  those  of  flow  angle,  the  fiov -angle  deviation  cor¬ 
responding  to  a  given  deviation  in  Mach  number,  am,  or  static  pressure,  Ap , 
can  be  found  from  linear  theory  as 


.  + 

•;  ~  yM®;  p- 


Aa  ■ 


Vtf-1  AM 
1  +  2^-  M2  M 


(E-l) 


(E-2) 


Once  it  has  been  decided  what  nonuniformities  in  flov  angle  due  to 
manufacturing  errors  nay  be  alloved,  the  problem  arises  of  hov  to  specify  the 
contour  tolerances  in  order  to  keep  slope  errors  belov  this  amount,  Let,  This 
problem  will  be  treated  here  by  assuming  tne  manufacturing  errors  are  sinus¬ 
oidal.,  of  wavelength  L  and  amplitude  +  Ay^y.  The  deviation  Ay  from  the  de¬ 
sired  contour  can  than  be  written 

Ay  *  dy moy  sin  iSL  (E-2) 


where  x  is  the  distance  along  the  contour  from  a  point  where  Ay  -  o.  The 
maximum  error  in  slope  will  be  •  .  ^ 


(c°s 


2*  Ay, 


(E-JO 


so  that 


(E-5) 


Therefore,  the  deviation  of  any  point  on  the  contour  from  a  smooth  curve' 
through  the  specified  points  must  not  exceed 


.GE-6) 


Contour  defects  of  semi -height  exceeding  the  above  maximum  allow¬ 
able  value  can  be  discovered  and  removed  by  the  usual  measuring  and  manufac¬ 
turing  techniques  if  they  are  of  sufficiently  long  wavelength.  For  controlling 
shorter  wavelength  defects,  a  curvature  gage  of  the  type  shown  in  Fig.  2.4- 
may  be  used.  The  reading  of  such  a  gage  with  center  contact  at  a  point  of 
maximum  curvature  of  a  sine  vave  is 


(B-7) 
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where  lg  is  the  distance,  between  the  center  contact  and  each  of  "the  outer 
contacts.  In 'terns  of  Aa  this  is 


ji  Aa  ^1  -  cos  2*  ^ 


(e-6) 


Thus,  slope  errors  will  be  less  thAn  Aa  if  deviations  of  the  curvature  gage 
reading  AA  from  the  desired  value  due  to  the  basic  nozzle  curvature  do  not 
exceed 


AGaax  *  =:  Ad  (l  -  cos  2*  (£-9) 

This  equation  is  plotted  in  Fig.  E.l  for  gage 'lengths  1  '•»  1/k  inch  and  lg 
1  inch.  *  _•  * 


Fig.  E.l,  Jiatio  of  maximum  curvature  gage  reading  on  a  sine  wave  to  maxi¬ 
mum  slope  of  the  sine  wave,  as  a  function  of  length  oftbe  wave. 


It  is  desirable  to  eliminate  the  wavelength  as  a  parameter  in  con¬ 
tour  tolerance  specifications.  This  can  be  done  by  observing  from  Fig.  E.l 
that  for  a  lA-inch  curvature  gage  (lg  ■  0.25  inch) 
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(AGmax) o  ,25  «  0.23AO:  for  ,4  <  L  <  I.55, 


and  for  p.  1-lnch  curvature  gage 


(iv'mAV ).]_  *  0.80Act  for  1.55  <  L  <  7»3, 


and  also,  using  equation  (e-6), 


l.lSAa  for  7.3  <  l. 


(E-10) 


(h-li) 


(E-12) 


Slope  errors  can  therefore  be  held  to  values  less  than  Ac*.  for  wavelength* 
greater  than  0.4  inches  by  the  folloving  set  of  tolerances: 

jdyj  £  l.l6ict  (ordinate  tolerance)  (E-l?) 

|aQi  S  0.80 A3  (1 -inch  curvature  gage  tolerance)  (e-14) 

j^^o.ss  J  ^  Q»23A0f  (1/4-inch  curvature  gage  (E-15) 


tolerance), 


thesl  w  t0lGT&iiaeB  are  111  inches  ^  ^  is  in  radians .  For  A3  in  degrees 


(Ayj  0.020AO  (E.l6) 

|  AOi  ^  0 • 014aot  -  (E-17) 

AGo  tgs  ^  0.004 A3  (E-^S) 

ff  °rder  use  the  curv*ture  tolerances  it  is  necessary  to 

determine  the  correct  reading'  of  the  curvature  gage  at  every  point  along  the 

t^tZ1he  ^  C0-diaa^8‘  ^  simple  geometryTt^L  be  s^ 

to  the  average  radiua  of  curvature  li  over  th 
portion  ox  one  nozzle  spanned  by  the  gage,  by  the  equation 


|  AQi  £  0.0l4aa 

AGoaSs  -  0.004 A3 


t  2(cooif)2] 


(E-15) 


^rTraointLTke"  CSn  *  8et  ^  **  saall ...percentage 


V  K 


(E-20) 


where  K  is  the  curvature 


■  (*.-*> 
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The  average  curvature  K  over  a  portion  of  the  no?zie  contour  cor« 
responding  to  an  interval  2  Ax  -along  the  x-cooniinate  axis  is  very  nearly 


K 


(4x)=tl  * 


(E-21) 


vhere  Ay  is  the  increment  in  y  associated  with  Ax,  and  A®y  is  the  difference 
between  the  Ay's  of  the  two  adjacent  Ax  intervals.  Then  the  reading  of  a 
curvature  gage  having  lg  »  Ax  can  be  expressed  in  terns  of  the  coordinates! 
by  combining  equatiuna^E-SO;  and.  (E-21),  as 


M 


wr 


(E-22) 


From  this  equation  the  correct  readings  of  a  curvature  gage  of  gage  length 
lg  can  be  calculated  from  the  first  and  second  differences  in  the  y-coordi- 
nates  at  intervals  Ax  »  lg.  c  ; 


;  APPEKllX  F 
DIFFUSER  PERFORMANCE 


The  nozzle  model  was  originally  equipped  vith  an  adjustable  super¬ 
sonic  dif fuser.  The  flow  through  this  diffuser  was  bounded  on  the  bottom  by 
a  flat  plate  extension  of  the  lover  nozzle  block,  on- the  sides  by  parallel 
flat  vails,  and  on  the  top  by  two  flat  plates  hinged  together.  The  upstream 
plate  was  25  inches  long;  the  downstream  plate,  37  inches.  The  hinge  point 
between  these  plates  could  be  lowered,  reducing  the  angle  between  the  plates 
t r  less  than  l80°,  and  forming  a  throat.  This  throat  was  37  inches  downstream 
the  nozzle  exit. 

The  entrance  cross  section  of^fche "adjustable  diffuser  was  k  inches 
vide  and  from  to  5-i/2  inches  high,  depending  on  the  nozzle  configuration. 
The  exit  of  the  adjustable  diffuser-vas  4  by  5  inches."”  A  5 -foot -long  transi¬ 
tion  section  continued  the  subsonic  diffusion  to  the  8-iuch-diameter  butterfly 
valve .  ..  • 

The  performance  of  the  adjustable  diffuser  described  above,  in  con¬ 
junction  vith  the  empty  tunnel  vith  Jacks  set  for  the  theoretical  contours, 
y'p  determined  by  measuring  the  vacuum  tank  pressure  at  the  moment  of  flow 
^reak-up.  The  resulting  overall  pressure  ratios  required  to  maintain  super¬ 
sonic  flow  are  shown  in  Fig.  F.l  for  two  conditions:  (1)  diffuser  throat  vide 
open,  and  (2)  diffuser  throat  closed  to  optimum  position  after  starting. 
Minimum  diffuser  throet-to-test-section  area  ratios  for  starting  and  for  main¬ 
taining  flow  are  shown  in  Fig.  F.2. 
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Minimum  overall  pressure  rotio 


Fig.  F.l.  Minimum  overall -pres  sure  ratios  for  two 
diffuser  conditions.  Nozzle  with  theoretical 
inviscid  contours. 
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Minimum  diffuser  area  ratio 


Starting  area  by 
one-dimensionol 
theory. 


Test  section  Moch  number,  M 


Fig.  F.2.  Approximate  minimum  diffuser  area  ratios  for  starting  and  for 
running.  Toy  ^-inch  asymmetric  adjustable  nozzle  with  original  contours. 
Tunnel  empty. 


Tie  overal 1  pressure  ratios  of  Fig.  F.l  with  diffuser  throat  closed 
to  optimum  position  after  starting  are  somewhat  higher  than  those  of  a  pitot 
tube  =  It  is  probable  that  this  performance  could  be  improved  by  modifications 
of  the  adjustable  diffuser  geometry. 
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